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Kurzfassung
Die thermischen Fluktuationen in flu¨ssigen Proben ermo¨glichen die Berechnung hydro-
dynamischer Radien (Rh) von beobachteten Teilchen. Dafu¨r ist es notwendig, einen
Streukontrast zwischen den zu beobachtenden Teilchen und der umgebenden flu¨ssigen
Phase zu erzeugen. In der statischen und dynamischen Lichtstreuung (SLS / DLS)
entsteht dieser Kontrast durch die unterschiedlichen Brechungsindizes von Probe und
Lo¨sungsmittel, wohingegen bei der Kleinwinkel Neutronenstreuung (SANS) die Kon-
trastierung im Wesentlichen auf den unterschiedlichen Streula¨ngen von Wasserstoff und
Deuterium beruht, wodurch unterschiedliche Teile einer Probe hervorgehoben werden
ko¨nnen.
Die in der Arbeit pra¨sentierten Ergebnisse wurden mit der neuen Methode zwei-Fokus
Fluoreszenz Korrelations Spektroskopie (2fFCS) erhalten, indem 2fFCS auf kolloidale
Systeme angewendet wurde. Die Untersuchungen ko¨nnen mit vergleichbarer Pra¨zession
wie mit etablierten Methoden durchgefu¨hrt werden. 2fFCS ist jedoch unempfindlich
gegenu¨ber vielen optischen und photophysikalischen Effekten. Die referenzfreie und abso-
lute Messung von Diffusionskoeffizienten D bei Konzentrationen nahe denen einer idealen
Lo¨sung wird mo¨glich, indem eine externe La¨ngenskala, zwei u¨berlappende Anregungs-
foki mit genau bekanntem Abstand, in das Experiment eingefu¨hrt wird. Die Daten-
beurteilung im 2fFCS Experiment wird so modifiziert, daß finite Gro¨ßeneffekte in kol-
loidalen oder makromolekularen Systemen beru¨cksichtigt werden. Zur Erzielung opti-
maler Messergebnisse ist es jedoch notwendig einige apparative und experimentelle Fak-
toren zu beru¨cksichtigen. Dabei spielt die genaue Temperaturkontrolle, wegen der tem-
peraturabha¨ngigen Lo¨sungsmittelviskosita¨t, eine entscheidende Rolle. Die vorgestellte
Probenzelle fu¨r inverse Mikroskope erlaubt die Temperaturgenauigkeit von ± 0.05 K im
Temperaturbereich von 5 bis 65 ◦C. Ein verstellbares unabha¨ngiges Einstellen des Heiz-
und Ku¨hlverhaltens ist mo¨glich und erlaubt den Einsatz der Probenzelle mit Mikroskopen
ohne Objektivheizung. Die durchgefu¨hrten Diffusionsexperimente in wa¨ssrigen Lo¨sungen
demonstrieren die exzellente Temperaturstabilita¨t und Reproduzierbarkeit der Proben-
zelle. Dadurch wird es mo¨glich beru¨hrungslose Temperaturmessungen in mikrofluidik
Bauteilen genauer durchzufu¨hren. Die bekanntesten Methoden mit einer ra¨umlichen
Auflo¨sung von Mikrometern nutzen die temperaturabha¨ngige Fluoreszenzlebenszeit oder
die temperaturabha¨ngige Gro¨ßena¨nderung thermosensitiver Materialien. Da 2fFCS im
Gegensatz zu Standardmethoden unter variierenden Bedingungen eingesetzt werden kann,
ergibt sich ein wesentlich breiteres Anwendungsgebiet als bisher.
Ein weiterer instrumenteller Faktor und die notwendige Bedingung fu¨r eine quantitative
Datenauswertung der 2fFCS Experimente, ist die Kenntnis des exakten Scherabstandes,
hervorgerufen durch das Nomarski Prisma, welcher durch die extrinsische La¨ngenskala
zur Bestimmung von D widergespiegelt wird. Durch die Kombination von FCS und
DLS kann der Scherabstandes mit einer Genauigkeit im Bereich von Nanometern bes-
timmt werden und die hoch pra¨zisen Messungen der Diffusion von Standardreferenz-
Fluoreszenzfarbstoffen in nahezu unendlich verdu¨nnter Lo¨sung wird mo¨glich. Es stellt
sich im Besonderen heraus, dass D von Rhodamin 6G um 37% gro¨ßer ist als der Wert, der
in den meisten Publikationen genannt wird. Bewegt man sich nicht am Rand der idealen
Verdu¨nnung, sondern zur Untersuchungen der molekulare Diffusion in hochkonzentrierten
Probenumgebungen, ist es notwendig die Unterschiede zwischen dem Brechungsindex der
Probe und dem Brechungsindex der Immersionsflu¨ssigkeit zu beru¨cksichtigen. Die Theorie
der 2fFCS ermo¨glicht es D absolut und ohne weitere Kalibration zu bestimmen, was durch
Untersuchungen an einem literaturbekannten System aus fluoreszenzmarkierten 70 kDa
Dextranen in einer nicht markierten 70 kDa Dextran-Matrix besta¨tigt wird. Als Beispiel
fu¨r spezielle Moleku¨ldynamik werden in dieser Arbeit qualitative und quantitative Unter-
suchungen der Layer-by-Layer Anordnungen von Polyelektrolyt-(PE)-Mehrfachschichten
auf weichen poro¨sen temperatursensitiven Mikrogelen beschrieben. Da PE’s wa¨hrend
der Schichtbildung sowohl mit sich selbst als auch mit Mikrogelen wechselwirken, konnte
bisher nur unzureichend zwischen PE’s auf der Oberfla¨che und innerhalb des Mikrogels
unterschieden werden. Es ist jedoch mo¨glich zwischen freien gelabelten und an die Mikro-
gele gebundenen PE’s zu unterscheiden. Eine zwei-Farben-Korrelation und die Aufnahme
von Fluoreszenzbildern besta¨tigt, dass beide PE’s an den gleichen Partikel gebunden sind.
Abstract
Thermal fluctuations in liquid samples can be used to calculate the hydrodynamic radii
(Rh) of observed particles. Therefore, it is necessary to generate scattering contrast
between the observed particles and the surrounding liquid phase. In static- and dynamic
light scattering (SLS/DLS) experiments this contrast is usually created by the different
refractive indices of sample and solvent, whereas in small angle neutron scattering (SANS)
the differences in the scattering lengths of hydrogen and deuterium are responsible for
the contrast.
This thesis presents results obtained on colloidal systems by a new method, dual focus
Fluorescence Correlation Spectroscopy (2fFCS), which permits investigations of compa-
rable precision to established methods. 2fFCS is insensitive to many optical and photo-
physical effects. An external length scale is introduced into the measurement by creating
two overlapping excitation foci at a precisely known distance, thus allowing reference
free and absolute measurements of diffusion coefficients D close to the infinite dilution
limit. 2fFCS data evaluation is modified for taking into account correctly finite size effects
in colloidal and macromolecular systems. Nevertheless, it is necessary to consider some
instrumental and experimental issues to achieve the best results.
The most important instrumental part is precise temperature control of the sample envi-
ronment, which plays a key role, on account of the strong temperature dependence of the
solvent viscosity. The presented sample cell for inverted microscopes has a temperature
accuracy of ± 0.05 K in a temperature range of 5 to 65 ◦C. A tunable independent setting
of heating- and cooling behavior is possible and allows the application to microscopes
without any objective heating. Diffusion experiments performed in aqueous solutions
demonstrate the excellent temperature stability and reproducibility of the device. Due to
this, it is possible to carry out remote temperature measurements in microfluidic devices
with higher accuracy than before. The most popular methods with micrometer spatial
resolution use temperature dependent fluorescence lifetime or temperature dependent size
of thermo responsive materials. Because 2fFCS is generally applicable under various con-
ditions the possible field of applications is much broader with comparable or even better
accuracy than with common methods.
Another instrumental factor and necessary condition for quantitative data evaluation of
2fFCS experiments is exact knowledge of the shear distance induced by the Nomarski
DIC prism, which represents the extrinsic length scale for determining D. The presented
calibration technique based on a combination of FCS and DLS allows determination of
shear distances with nanometer accuracy, and high precision measurements of diffusion
of reference standard fluorescence dyes close to the regime of infinite dilution is possible.
In particular, it is found that D of the reference dye Rhodamine 6G is by 37 % larger
than the value used in most publications on FCS! However, many investigations do not
deal with systems at the limit of infinite dilution but with molecular diffusion in crowding
environments and it is necessary to consider the differences between the local refractive
index in a sample and the refractive index of the immersion liquid. The theory of 2fFCS
enables the absolute determination of D without additional calibration; this is confirmed
by investigations on a well known system of a fluorescently labeled 70 kDa dextrane in
an unlabeled 70 kDa dextrane matrix.
As an example for a special kind of molecular dynamics qualitative and quantitative
investigations on Layer-by-Layer (LbL) assembly of polyelectrolyte (PE) multilayers on
soft and porous temperature sensitive microgels are presented in this thesis. As PEs
are able to interdigitate with each other during multilayer formation as well as with the
microgel it was not posible so far to distinguish between PE adsorbed on or in the microgel.
But a clear difference between free labeled PE and those that are bound to the microgel
is possible; dual color correlation confirmed the presence of both PE’s bound to the same
particle, while fluorescence imaging provided the visual proof.
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1. Introduction 1
1 Introduction
1.1 Motivation
Examination of soft matter, especially colloid and polymer systems, is a continuously
growing branch of scientific research, where development and investigation of smart ma-
terials such as thermo-sensitive microgels are of particular interest. Commercial appli-
cations are found in rubber compounds for motorbike tires or nasal spray. In biological
research, thermo-sensitive microgels are applicable as model systems for controlled drug
release. To diversify the properties of drug releasing systems, current research focuses
on artificial barriers on mirogel surfaces, which are provided by polyelectrolyte coatings.
These systems pose a lot of questions which can be addressed by various methods.
The hydrodynamic radius (Rh) is a typical parameter for characterizing microgels. Well-
established methods for the determination of Rh are dynamic light scattering (DLS) and
nuclear magnetic resonance (NMR) spectroscopy, whereas other common methods such
as static light scattering (SLS), small angle X-ray scattering (SAXS) and small angle
neutron scattering (SANS) determine the radius of gyration (Rg).
Each of these methods needs a different kind of contrast necessary for scattering. For
light scattering, contrast is given by different refractive indices between sample and en-
vironmental solution, whereas in SANS experiments, the interaction between accelerated
neutrons and atom cores is utilized. Depending on different scattering, contrast variation
of hydrogen and deuterium are used to emphasize different parts in the sample. X-rays
are scattered by electrons close to the core, which leads to a contrast given by the atomic
mass. In the special case of a microgel polyelectrolyte complex, contrast variation in
SANS indicates whether the polyelectrolyte stays on the microgels surface or not.
An additional method which is not yet established in colloidal research is confocal Flu-
orescence Correlation Spectroscopy (FCS), where contrast is provided by the fluorescent
labels of investigated species. Until now it was especially challenging to introduce a single
fluorescent molecule to an investigated polymer particle which is a basic requirement for
standard FCS experiments. Conventional FCS is not an absolute method and therefore
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has to be referenced against the diffusion coefficient of a standard to characterize the shape
of the confocal volume. It depends strongly on experimental parameters, e.g. refractive
index, wavelength and thickness of cover glass. Therefore, conventional FCS has very
poor accuracy and precision. Moreover, FCS is not used in colloidal research, because
no theory exists so far to correctly describe the relation between measured diffusion time
and Rh for larger particles.
1.2 Aim of thesis
- The aim of this thesis is to introduce FCS to colloid and polymer research. -
Standard FCS experiments require referencing of the measured value against a known
standard. The new technique of dual focus FCS (2fFCS), based on the idea of Enderlein
et. al. [1], provides a novel and improved version of FCS that measures in an absolute
manner without using external standards.
To apply FCS to colloid and polymer science, this work focusses on the following points:
• Theory
Existing theories of FCS describe diffusion of single molecules. Applying these
theories to measurements of particles with extended fluorescent label distribution
leads to incorrect values for diffusion coefficients. For successfully applying FCS to
colloid and polymer research, the current theory has to be developed in order to
correctly describe the diffusion of bigger particles, such as polymers or colloids.
• Instrument
One basic requirement of any kind of diffusion measurement is the precise control
of temperature in the sample. One technical aspect of the presented work is the
development of a sample cell, which permits measurements to be made over extended
periods of time with highly precise temperature control. Regarding the requirements
of a FCS setup, such a sample cell is currently not commercially available.
• Applications
- Precise Diffusion measurements
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The capability of the highly sophisticated 2fFCS technique is used to draw attention
to the diffusion coefficient for Rhodamine 6G, given in the literature and used as
calibration standard for conventional FCS for thirty years, to show that literature-
value is wrong by ∼ 37%.
- Temperature measurements in very small volumes
It is shown that 2fFCS enables the determination of the temperature in a femtoliter
volume with an accuracy of ± 1.0 K over a wide temperature range by measuring
the diffusion coefficient of an arbitrary fluorescence dye. The application of thermo-
responsive materials increases the precision to an accuracy of better than ± 0.1 K
in the range around the volume phase transition temperature.
- Molecular crowding
For measuring diffusion in crowded environments with FCS, it is important to know
the systematical influence of the refractive index on the apparent diffusion time.
To quantify this influence, a theoretical simulation of a molecule-detection function
is performed. The influence of each experimental parameter e.g. such as focus
position, wavelength and confocal aperture size as well as optical parameters like
objective magnification, excitation beam diameter and focal distance of tube lens
are examined in detail. It is demonstrated that, in contrast to single focus FCS,
2fFCS permits diffusion coefficients in samples with refractive index mismatch to
be measured, without further calibration.
- Interaction of colloids with polyelectrolytes
FCS and 2fFCS are used to study layer-by-layer assembly of polyelectrolytes (PE)
on soft matter, e.g. microgels. The FCS setup can be used as a confocal light
scanning microscope (CLSM), to obtain a direct picture of the microgel particles
covered with PE’s. The possible cross correlation shows a collective diffusion of
PE’s and microgel i.e., the evidence that PE’s really do stick to the microgel.
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1.3 The Evolution of FCS
For more than hundred years, scientists have been interested in the observation and analy-
sis of thermally induced (Brownian-) motion of microscopic objects [2–4]. First experiments
by Svedberg were carried out, using a light microscope and colloidal gold solution [5]. A
couple of years later, a fundamental publication by Perrin concerning fluorescence spec-
ulated on whether single molecules would become observable or not. [6] It took another
fifty years, up to the 1970’s, until the idea of FCS was invented by Elson, Magde and
Webb [7–13]. At the same time, the theory of FCS was developed following the theory of
DLS, mainly by Ehrenberg and Rigler [14–16].
The first successful fluorescence detection of a single molecule in a liquid was achieved by
Hirschfeld in 1976, who investigated a highly labeled (up to a hundred fluorescent markers
per molecule) γ-globulin [17,18]. In the following years, it became feasible to detect single
fluorescent emitters [19,20]. By using fluorescent tracers, Elson and Webb had shown that
it was possible to probe mobility in structures with very high spatial resolution [21]. The
driving force for rapid development of single molecule detection was clearly to find new
techniques for DNA sequencing [22,23]. Therefore, the origin of many FCS innovations is
found in biological research [24,25].
The main advantage for FCS was its combination with the confocal technique, by Eigen,
Rigler and Ehrenberg [26,27], to minimize the observation volume by a microscope objective
with high numerical aperture (NA > 0.9) and a lens/pinhole combination. Since then it
has been possible to detect single molecules with only one fluorescence center. Later the
idea was proposed to use this kind of technique for investigation of biopolymers with
single fluorescent label in liquid phases [28–30].
With the development of powerful stable lasers and the general availability of fast com-
puter systems FCS became more common in biological research, and a first commercial
setup was launched in the early 1990’s. The evolution of FCS to a commonly used tech-
nique was completed by the end of the 1990’s, as is indicated by the appearance of first
review articles in the years 1997-2002 [31–42].
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1.4 The Basic Principle of FCS
The basic concept of common FCS setups uses an epi-fluorescence microscope [43,44], in
which the sample is illuminated by the microscope’s objective, which also collects the
fluorescence light. In combination with confocal imaging a small observation volume
is generated. Confocal imaging denotes the focusing of the collected fluorescence light
through a confocal pinhole that rejects light emerging from points in sample space far
away from the focal plane. Every photon whose origin is outside the focus point of the
objective is guided in a non-parallel beam. For this beam, the focus point of the confocal
lens is not in the plane of the pinhole, hence these photons cannot pass the pinhole. The
resulting observation volume has a size of a few femtoliters and an approximate shape
of an ellipsoid, which is elongated in z -direction. The diameter of the confocal focus is
limited by diffraction to approx. half a wavelength, its length depends on pinhole size
and is about one order of magnitude larger. Depending on the usage of the pinhole, spa-
tial resolution information inside the observation volume is lost, and it is only detectable
whether fluorescence is generated inside the volume or not. The photons that are able to
pass through the pinhole are guided to an ultrasensitive detector, typically a photomulti-
plier or an avalanche diode. The resulting signal fluctuates due to Brownian motion of the
fluorescent molecules. The main difference between FCS and DLS is that DLS measures
a concentration fluctuation by averaging an ensemble of particles, whereas FCS measures
number fluctuations of single molecules. This fluctuating signal is auto-correlated. By
assuming coherence between diffusion time and the shape of the confocal volume, as well
as assuming lateral diffusion, one can calculate a diffusion coefficient.
In comparison to ensemble methods (DLS/SLS, SAXS, SANS, NMR), the FCS-technique
is able to study the behavior of single molecules as well as the interaction between differ-
ently labeled molecular species. The resolution of FCS with regards to diffusion coefficient
contributions of differently sized molecules but with the same fluorescent marker was stud-
ied by Vogel and Rigler [45].
Additionally, cross-correlation of signals from different species provides information about
correlated motion of these species. Observation of radiationless energy transfer between
donor and acceptor molecules (Fo¨rster Resonance Energy Transfer, FRET) allows the
measurement of the distance between donor and acceptor molecules in situ and typically
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on a nanometer scale. The limitations of FCS are the theoretical assumption that every
diffusing particle has only one infinite small fluorescence center for each fluorescent species,
and the fact that FCS is a relative kind of experiment. To obtain comparable values, every
measurement has to be related to a specified diffusion coefficient. The difficult part is
to provide exactly the same environmental conditions for calibration and experiment,
with regard to the dependency of shape parameters on the confocal volume [46,47] and
experimental parameters (laser power/optical saturation [48,49], refractive index, cover slide
thickness, etc. [50,51]). The data evaluation is extremely sensitive to shape and behavior of
the confocal volume as reported by Rigler and Vogel [52], Webb [53] and Enderlein [54,55]. Due
to the difficulty to determine these parameters, the classical single focus FCS is restricted
to a small field of applications. In case of neglecting the influence of changed parameters,
the interpretation of FCS results leads to incorrect results.
To avoid the limitations of standard FCS another improvement was proposed in 2007
by Enderlein et al. [1]: placing a difference interference contrast (DIC) Nomarski-prism [56]
between objective and confocal lens. This leads to a lateral shift of the observation
volume, depending on the polarization of the excitation beam, which is theoretically
studied in Ref. [57–59]. Utilization of two alternately pulsed laser sources (pulsed interleaved
excitation, PIE [60]) with orthogonal rotated polarization, generates two overlapping foci,
with a distance only influenced by physical properties of the DIC. The influence of the
Nomarski-prism to the widened detection beam is negligible as pointed out by To¨ro¨k
and Enderlein [59,61,62]. Cover glass thickness, laser power and refractive index do no
longer influence the results of the measurement. All these improvements culminate in
an exact mathematical description, proposed by Enderlein et al., in which diffusion time
and diffusion coefficient are related by foci distance [1,63].
The possibility of measuring accurately and precisely absolute diffusion coefficients from
single molecules up to colloidal particles opens a wide field of new and interesting scientific
research [64–67]. For example in biology and biochemistry it will be possible to measure
absolute diffusion of proteins in bulk solutions as well as in living cell environments,
whereas NMR delivers similar precise results, as presented by Weljie et. al. [68], but only
in bulk solutions. In macromolecular chemistry molecular interactions are of particular
interest. Selective labeling is the idea behind elucidating the interplay of different species.
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The mathematic models for multi-labeled particles enable the quantitative evaluation
of diffusion of colloids and polymers in bulk solution. Insensitivity of measurements,
regarding the refractive index of samples also allows measurements in macroscopic polymer
networks and hydrogels [69] with spatial resolution.
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2 Theory
2.1 Theoretical Basics
2.1.1 Advancement of Diffusion Studies Since 1827
Diffusion processes have been studied for more than 180 years. Comprehensive reviews
have been written by Philibert [70,71] and Vogl [72]. Here, only a brief summary of the
historical and ongoing evolution of diffusion experiments and theory will be given.
In 1827 Robert Brown studied organic and inorganic powder suspensions, using mi-
croscopy and found an unexpected motion of micron-sized particles. Brown considered,
in contrast to all prior scientists that the origin of these motion was caused by a physical
force [73].
Thomas Graham, who was the inventor of dialysis, started his research in 1828 on diffusion
in gases. He determined that a mixture of gases of different kind did not separate due to
their density. Furthermore, gases diffused spontaneously, mutually and equally through
each other. Graham was also interested in experiments on liquid and solid phases. He
noticed that diffusion in liquids showed diffusion coefficients which were by the order of
three magnitudes smaller than in gases. Graham performed the first quantitative experi-
ments on diffusion, which is particularly remarkable because the notion of a coefficient of
diffusion was first established in 1855 by Adolf Fick [74].
In 1855 Fick was an anatomy demonstrator in Zu¨rich, studying biophysical coherences
in the human body, when he proposed his quantitative laws of diffusion. He focused on
topics such as air mixing in lungs, hydrodynamics of blood circulation and the work of the
heart as well as the mechanics of muscular contraction. Fick realized the analogy between
diffusion and Fourier’s law of heat conduction [75], as well as Ohm’s law of electricity, which
is described by the same mathematical formalism. Fick combined the approach given by
Fourier with the conservation of matter and ended up with an equation commonly known
as Fick’s first law. This is a partial derivative equation of the second degree.
Fick’s original notation [74] is presented in Eq. 1, where ∂y
∂x
is the concentration gradient
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proportional to the flux of matter with a proportionality factor k. Fick called this factor
k “a constant dependent upon the nature of the substances”.
∂y
∂t
= −k ∂
2y
∂x2
(1)
The minus sign appeared in the original contribution [74], leading to no difficulties, because
Fick’s early measurements were done in the stationary state.
To verify the equation, Fick connected two reservoirs, one with pure water and one with
salt water by tubes of different length. He recapitulated that “the amount of salt was
determined, which diffused out of the terminal section of the tube, in measured spaces
of time, and which therefore also, in the same time, passed through any section of the
cylindrical tube”. He also considered that k increased with temperature in a “non simple”’
dependency.
In 1863 Loschmidt used an experimental setup, which was identical to Graham’s original
experiment, to perform his classical diffusion measurements in gases. Later on in 1867
Maxwell calculated the diffusion coefficient for CO2 in air, recalling Graham’s experimen-
tal data from 1828, and found a value which was accurate by ± 5%.
Almost eighty years after Brown discovered the “Brownian Motion”, Albert Einstein [2]
quantified this motion by a mathematical model in 1905. Einstein recognized that the
characteristic value to describe particle diffusion was the mean square of the displacement
in a defined time and not the averaged velocity of the particle. Einstein proposed the
fundamental relation between the macroscopic particle quantity and the microscopic one,
by relating the diffusion coefficient with the mean square displacement:
D =
〈R2〉
6t
(2)
In the following period, the analysis of “random walk”’ trajectories as obtained from
observing the Brownian motion of small particles in liquids was carried out. In 1913,
Jean-Baptiste Perrin et. al. were able to verify Einsteins equation by experiments [76].
Perrin claimed that if it was possible to plot positions of particles in the trajectory in a
hundred times smaller time interval, the shape of the linear trajectory segments would take
also a polygonal shape as complicated as the whole trajectory, and so on. Interestingly,
Perrin described with these assumptions the behavior of a fractal line, half of a century
before Benoit Mandelbrot published his work “Fractal Geometry of Nature” [77].
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As presented, there are two main approaches to studing diffusion fundamentals: either
the observation and explanation of the phenomenological behavior and their mathematical
solution, which is established by Fick, or the atomistic one, according to “the random
walk”’ initiated by work of Brown, and Maxwell and pursued by Einstein.
2.1.2 Diffusion
Colloids and polymers are often synthesized and studied in aqueous solutions. To under-
stand and explain observed results, a detailed appreciation of static and dynamic inter-
actions of molecules or particles in liquids is essential. Following Einstein’s approach, the
driving force for the motion of molecules is considered on both microscopic and macro-
scopic scales. Diffusion on the macroscopic scale is driven by chemical potential caused
by a concentration gradient, which has to be balanced due to entropic reasons. The
mathematical description is given by Fick’s first law [74]. The directed particle flux J is
proportional to diffusion coefficient D and the concentration gradient ∂c
∂x
.
J = −D∂c
∂x
(3)
The continuity equation for mass conservation
∂c
∂t
= −∂J
∂x
(4)
is applied which leads to Fick’s law for one dimensional directed diffusion:
∂c
∂t
= D
∂2c
∂x2
(5)
In the general case of three dimensional diffusion, D dependent Eq. 5 is expressed as:
∂c
∂t
= ∇ (D∇c) (6)
This relation is valid as long as no external force is applied to the particle. In presence of
an external potential U(r) a force F = −∇U is acting. For laminar diffusion, velocity is
given by ν = F/ζ. The friction coefficient ζ depends on viscosity η and shape of particles.
For spherical objects with radius R in liquids, Stokes defines ζ as:
ζ = 6piηR (7)
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The directed velocity causes an additional flux J = cν which enhances Fick’s first law to
J = −D∇c− c
ζ
∇U (8)
In equilibrium flux is zero and concentration is given by a Boltzmann statistic:
−D∇e(−U(r)kT ) = −1
ζ
e(−
U(r)
kT )∇U (9)
which can be written as:
− D
kT
e(−
U(r)
kT )∇U = −1
ζ
e(−
U(r)
kT )∇U (10)
After canceling common factors, Einstein found the equation:
D =
kT
ζ
(11)
which results in combination with Eq. 7 in the famous “Stokes-Einstein-Equation”:
D =
kT
6piηR
(12)
Einstein presented this equation in 1905 [2] for the special case of spherical particles by
considerations of osmotic pressure. The microscopic view of diffusion by using fluctuation-
dissipation-theorem culminates in the same equation.
2.1.3 Fluorescence
The measured signal in FCS is accomplished by photons from fluorescent species, usually
artificial organic molecules with delocalized pi-electron systems, which influences the exci-
tation wavelength significantly. The smaller the delocalized system is the higher energies
(shorter wavelengths) are needed for excitation. In biological applications fluorescent pro-
teins are also often used. Furthermore, solid state systems known as quantum dots also
show fluorescent behavior.
Fluorescence itself is explained by excitation of electrons from ground state S0 to first
excited singulett state S1. If higher excitation energies are affiliated, higher excitation
states S2,3,... are observed. Dissipation of energy to S1-state is achieved by radiationless
transfer (internal conversion), explained by Kasha’s rule. Further energy transition from
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Fig. 1: Typical lifetime measurement curve for Rhodamine 6G, fitted with exponential
decay with background: F (t) = exp(a · t) + bg.
S1- to S0-state requires a photon release. The histogram of retention times for excited
states shows exponential decay (fluorescence lifetime, Fig.1) [78].
Another possible transition from S1-state is internal conversion to a triplet state. Depend-
ing on a change in spin multiplicity ∆S 6= 0 the transition from triplet state to ground
state is prohibited, which leads to a much longer retention time for such photons (phos-
phorescence). Compilation of all electronic transitions is found in the Jablonski-diagram.
For FCS the following assumptions are important:
1. In normal case the wavelength of the fluorescence photon is longer than the wave-
length of the excitation photon (Stokes shift), except for the special case of two
photon excitation.
2. Fluorescence lifetime is observed by measuring and histogramming times between
excitation and emission of a photon. Typical decay times are in the order of nanosec-
onds.
3. Triplet excitation leads to correlated emission on microsecond scale, which has a
contribution to the correlation function.
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2.2 Fluorescence Correlation Spectroscopy
2.2.1 Principle of Measurement
The basic principle of measurement is the detection of single photon events. Fluorescent
materials are excited either by continuous wave (cw) or pulsed laser sources. For advanced
analysis a pulsed laser source is commonly used.
Single photon events are detected by single photon avalanche diodes (SPAD) with high
detection efficiency and very low dark counts (<50 counts per second) [79]. Using such
highly sensitive SPADs affords very low laser power, only a few µW , to reduce the risk
of sample damage particularly with regard to photo physical effects like bleaching. Seidel
et al. gave evidence of a two-step photolysis during photobleaching and Nishimura et
al. investigated systematic errors by a saturation model of fluorescence. [80–84]Detected
photons are quantified on a short and a large time scale. Each photon is tagged with
information about detector channel, delay time between excitation pulse and detection
time as well as time on a global scale, as presented in Fig.2. By using pulsed laser sources
time between excitation pulse and detected photon is measured. Using statistical data
analysis [85], a fluorescent lifetime histogram is obtained [86] as shown in Fig. 1.
Information about lifetime allows to apply photon filters to the raw data stream to elim-
inate noise, as well as to relate photons to laser pulses [87].
Time information on the global timescale contains information about presence and dy-
namics of fluorescent molecules. Binning the number of photon counts in fixed time
intervals, leads to a symmetric time trace which is comparable with signals of dynamic
scattering experiments. Classical data processing comprises calculation of the autocorre-
lation function of the symmetric time trace [88]. Each time trace is doubled and one of
them is shifted by a small shift time increment τ . Then the overlapping of both time
traces is calculated.
If τ is varied to higher numbers, the overlapping has only a statistical character. The plot
of overlapping contribution versus τ leads to commonly known autocorrelation functions.
A more straight forward way is direct data processing of the original asymmetric data
stream. A more detailed description is found in reference [89].
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Fig. 2: MCS-Trace of single photon events, obtained from TCSPC-measurement.
2.2.2 Correlation Function
In early experiments highly specialized hardware correlators were used, which made pro-
cessing of large data amounts possible. Unfortunately, the origin of raw data was lost after
the correlation. Due to commercial availability of fast computer systems, direct recording
of raw data got possible. Access to raw data allowed diversity in filtering options after
the performed experiment to select the photons of interest from the whole data stream.
Moreover software correlation shifts the initial point of data evaluation to an earlier step.
Originally, the correlation technique is developed for data analysis of dynamic scattering
methods and time dependent intensity I(t) is collected. Thus, the measured photon data
is reduced and millions of photons lead to a single curve. Intensity fluctuations around
mean intensity I, originate from local concentration fluctuations δI(t) driven by Brownian
motion. Therefore, I(t) has a static I and dynamic δI(t) contribution and is written as:
I(t) = I + δI(t) (13)
The time averaged contribution to the intensity signal is given by:
〈δI(t)〉 = 0 (14)
with:
〈0〉 = lim
T→∞
1
T
∫ T
0
dt0 (15)
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As generic autocorrelation function the following equation is used:
g(t) =
〈I(t+ τ)I(t)〉
〈I(t)2〉 (16)
A modern mathematic approach in FCS experiments is to deal with detection probabil-
ities and the molecule detection function (MDF) describes optical characteristics of the
setup. Measured fluorescence intensity depends on excitation intensity I0 as well as on
size of the investigated volume and setup parameters. Efficiency parameters for the setup
and detectors are accounted for by the setup parameter S. To simplify the different con-
tributions to the non time-dependent effective MDF U(~r) is introduced, where (~r) is the
probability to detect a photon at point ~r:
U(~r) = SI(~r) (17)
Classical theory for FCS experiments assumes that the MDF is a 3-D rotationally sym-
metric Gaussian ellipsoid with radius 1/e2 as detection volume [46,47,90,91]. Dimension in
x and y are equal and rectangular to the optical axis, while the z direction is elongated.
Therefore U(~r) is written as:
U(~r) = Se
−2
(
x2+y2
w20
)
e
−2
(
z2
z20
)
(18)
Time dependent concentration fluctuation c(~r, t) is given by:
c(~r, t) =
∑
kbkδ(~r − ~rk(t)) (19)
Brightness, quantum yield and excitation profile are summed up in bk. The parameter 
is included to regard detector efficiency. The resulting description for measured intensity
fluctuation follows as:
F (t) = 
∫
V
d~rU(~r)c(~r, t) (20)
Autocorrelation for lag time τ is given by:
g(τ) = 2
∫
V
∫
V
d~r1d~r2U(~r1) 〈δc(~r1, τ)δc(~r2, 0)U(~r2)〉+
[
 〈c〉
∫
V
d~rU(~r)
]2
(21)
By using Greens probability density function G( ~r, t|~ρ, 0) for the molecule motion from
point ~r to ~ρ within time τ , the negligence of intermolecular interaction and a contribution
of uncorrelated background radiation Ibg, Eq. 21 is simplified to:
g(τ) = 2 〈c〉
∫
V
∫
V
d~r1d~r2U(~r1)G( ~r1, t|~r2, 0)U(~r2) +
[
 〈c〉
∫
V
d~rU(~r)Ibg
]2
(22)
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with three dimensional diffusion:
G( ~r1, t|~r2, 0) = 1
(4piDt)3/2
e−
(r1−r2)2
4Dt (23)
In FCS data evaluation it is a standard proceeding to normalize this correlation function
by subtraction of one, because then the amplitude of CF is proportional to 1/ 〈N〉.
2.2.3 Cross Correlation
Cross correlation is a key technique in the presented data evaluation and is grasped as
a logical AND gating between two data streams. Only events which appear in both
data streams are selected for further evaluation. The main source of irritation in FCS
experiments with single molecule sensitivity are detector noises as well as dead time and
after pulse effects [92]. By using two detectors the irritating signals are eliminated due to
the fact that noise is a statistic and uncorrelated process, which cannot pass the cross
correlation.
The second application is the color cross correlation [93,94], which allows detection and
quantification of correlated motion of different species. In the ideal case of a perfect
overlap and same size between the detection volumes for different colors, three correlation
functions are computed. For the first species:
g1(t) =
〈F1(t+ τ)F1(t)〉
〈F1(t)2〉 (24)
for the second species:
g2(t) =
〈F2(t+ τ)F2(t)〉
〈F2(t)2〉 (25)
and for the correlated part of motion of both species:
g1,2(t) =
〈F1(t+ τ)F2(t)〉
〈F1(t)F2(t)〉 (26)
Usage of the technique opens the way to in situ studies of single molecule interactions.
2.2.4 Theory of Two Focus Experiments
While using conventional FCS the main disadvantage of quantitative investigations, is
the required information about size and shape of the excitation/detection volume, which
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depends strongly on optical saturation, laser power and refractive index of the sample.
Therefore, a calibration measurement under the same conditions as the sample measure-
ment has to be performed.
To overcome these limitations the dual focus (2f) enhancement is proposed by Dertinger
et al. [1]. In 2fFCS experiments a second laterally shifted focus is generated. Both foci have
an overlapping section. The shifting distance (~d), which is a reference for mathematical
data evaluation, is used as an internal scale directly in the observation volume. To include
different detection efficiencies for both foci the parameter  is split to 1 for the first and
2 for the second focus.
g(τ) = 12c
∫
V
∫
V
d~r1d~r2U(~r1)G(~r1 − ~r2 − ~d)U(~r2)+[
1c
∫
V
d~r1U(~r1) + Ibg
] [
2c
∫
V
d~r2U(~r2) + Ibg
]
(27)
The correlation function (Eq. 23) is modified by a coordinate-transformation:
G(~r1 − ~r2 − ~d, t) = 1
(4piDt)3/2
e−
(r1−r2−d)2
4Dt (28)
To describe the MDF in classical FCS data evaluation, the three dimensional Gauss
ellipsoid (Eq. 18) is used. A much more precise equation is given by Dertinger et al.:
U(~r) =
κ(z)
w(z)2
e
− 2
w(z)2
(x2+y2
(29)
with [26,95]:
κ(z) = 1− e− 2a
2
R2(z) (30)
with a: confocal apperture radius divided by magnification of microscope objective and:
R(z) = R0
√
1 +
(
λexz
piR20n
)
(31)
with excitation wavelength λex, refractive index n and:
w(z) = w0
√
1 +
(
λemz
piw20n
)
(32)
with emission wavelength λem. R0 and w0 are model parameters and w0 is related to the
beam waist in the focus. [96] Combination of Eq. 23 for each autocorrelation function of
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the foci with Eq. 27 for the correlation function of the inter crossing section, leads to the
description of the 2fFCS experiment:
g(τ) =
(
1c
∫
V
d~r1U(~r1) + Ibg
)(
1c
∫
V
d~r2U(~r1) + Ibg
)
+
12c
4
√
pi
Dt∫ ∞
−∞
∫ ∞
−∞
dz1dz2
κz1κz2
8Dt+ w2(z1) + w2(z2)
exp−(z2 − z1)
2
4Dt
2d2
8Dt+ w2(z1) + w2(z2)
(33)
Hence an analytical solution cannot be found and this correlation function has to be
numerically optimized to fit the measured data.
2.2.5 Particle Size Effect
Employing 2fFCS on diffusion measurements of extended objects with complex fluo-
rophore distribution, size and fluorophore distribution in comparison with the size of
detection volume has to be taken into account. Because 2fFCS is a very precise method,
fitting correlation curves, measured on extended objects but using the assumption of
point-like particles, leads to an unsatisfactory fit quality. For measuring extended objects
with single focus FCS, Starchev et.al. [97] proposed the idea of increasing the effective
detection volume with object size. But this model is not able to describe the obtained
autocorrelation function (ACF) of 2fFCS experiments sufficiently.
A modified data analysis of 2fFCS takes into account the finite size of diffusing particles
and allows an arbitrary but spherically symmetric fluorophore distribution within the
particle. The resulting modification is applied to analyzing 2fFCS on dye doped latex
particles with different internal fluorophore distribution. The method yields results for
particle size with nanometer accuracy. Thus, 2fFCS may be an important complimentary
measurement technique for studies in colloid and polymer science [98–105] or for studying
molecular aggregation.
Considering the impact of non-negligible size of an object on its fluorescence ACF, it has
to be assumed that the distribution of fluorescent dye within the object is spherically
symmetric and described by the function v (r), 0 ≤ r ≤ a. Then, the lag-time dependent
part of the ACF is given by the multiple integral
g (t) ∼
∫
du2
∫
dρ2
∫
dr1
∫
du1v (u2)U (r2 + u2)G (r2 − r1, t)U (r1 + u1) v (u1) (34)
20 2. Theory
where U (r) is the molecule detection function MDF which is proportional to the proba-
bility of detecting a fluorescence photon from a molecule at position r, and G (r2 − r1, t)
is the probability density that the object’s centre has moved from r1 to r2 within time
interval t,
G (r, t) =
1
(4piDt)3/2
exp
(
− |r|
2
4Dt
)
, (35)
which is nothing else then Green’s function of the free diffusion equation. Thus, the ACF
for an extended object is similar to the ACF of a point like particle when moving within
a measurement system with the modified MDF
U¯ (r) =
∫
du v (u)U (r + u) =
∫
dr′ v (|r− r′|)U (r′) . (36)
There is an efficient way to calculate the modified MDF U¯ (r). For the sake of simplicity,
it is assumed that the MDF U (r) is rotationally symmetric around the optical axis (i.
e. U (r) = U (ρ, z) in cylindrical coordinates with z along the optical axis), and mirror
symmetric with respect to the plane z = 0. In that case, U (r) is represented by an
expansion into Fourier and Bessel components of the form
U (r) ≡ U (ρ, z) =
∞∫
−∞
dq
2pi
∞∫
0
dkkU˜ (k, q) J0 (kρ) cos (qz) . (37)
A detailed derivation and explanation of the Fourier and Bessel integral theorem can be
found in Ref. [106].
Next, the fluorophore distribution function v (r) = v (|r|) = v
(√
ρ2 + z2
)
is rewritten
into a similar expansion:
v (|r|) =
∞∫
−∞
dq
2pi
∞∫
0
dkkv˜ (k, q) J0 (kρ) cos (qz) (38)
Using the well known addition theorem for Bessel functions [107] (translation along x-axis
by r0)
J0 (kR) =
∞∑
m=−∞
Jm (kr0) Jm (kr) e
imφ (39)
one has
v (|r− r′|) =
∞∫
−∞
dq
2pi
∞∫
0
dkkv˜ (k, q)
∞∑
m=−∞
Jm (kρ
′) Jm (kρ)eiq(z−z
′)+im(φ−φ′) (40)
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for the function v shifted to a new origin at r′ = (ρ′, φ′, z′). Inserting these expressions
into the integral of U¯ (r) and using the closure relation
∞∫
0
dρρJ0 (k
′ρ) J0 (kρ) =
1
k
δ (k − k′) (41)
one finally finds
U¯ (ρ, z) =
∞∫
0
dq
∞∫
0
dkk v˜ (k, q) U˜ (k, q) J0 (kρ) e
iqz (42)
where the expansion coefficients are given by
U˜ (k, q) =
∞∫
−∞
dz
∞∫
0
dρρU (ρ, z) J0 (kρ) e
−iqz (43)
and similarly for v˜ (k, q). Finally, representing Green’s function in Eq.(35) also by its
transform
G (r, t) =
∫
d3k
(2pi)3
exp
(
ik · r−Dk2t) (44)
and inserting Eqs.(36), (42) and (44) into Eq.(34) leads to the following compact expres-
sion for the time-dependent part of the ACF:
g (t) = ε2
∫
dkk
∫
dq exp
[−D (k2 + q2) t] ∣∣∣ ˜¯U (k, q)∣∣∣2 . (45)
The transform ˜¯U (k, q) is simply the product of U˜ (k, q) with v˜ (k, q), and ε is a constant
taking into account the overall excitation and detection efficiency as well as the concen-
tration of particles. It is important to mention that Eq. (45) is valid also for point sized
particles (or molecules), where the modified function U¯ (r) is replaced by the original MDF
U (r). Thus, the influence of any size effect on the ACF is completely absorbed by the
modified function U¯ (r) or ˜¯U (k, q), respectively. Three types of fluorophore distribution
v (r) are considered: (i) uniform distribution throughout the particle, (ii) uniform distri-
bution within an outer shell (i.e. particles with non-fluorescent core), and (iii) uniform
distribution only within the core of a particle (i.e. particles with non-fluorescent shell).
First, a theoretical estimation was made of the influence of the finite size of the diffusing
particles on an ACF. ACFs were calculated using typical experimental parameters (w0
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Fig. 3: Autocorrelation function of particles with a hydrodynamic radius of 100 nm (red
+ black) and 500 nm (green + blue), label grade: (i) centre labelling, (ii) homogenously
distributed labelling of whole particle, (iii) homogenously distributed labelling in 10 nm
shell (used parameter set: beam waist w0 = 500 nm, pinhole parameter R0 = 200 nm,
pinhole radius a0 = 200 µm, excitation wavelength λex = 637 nm, emission wavelength
λem = 670 nm, temperature 298.15 K, viscosity of water η = 0.890 mPas, refractive index
of water n = 1.332).
= 500 nm, R0 = 200 nm, pinhole radius a0 = 200 µm, magnification 60 x, excitation
wavelength λex = 637 nm, emission wavelength λem = 670 nm, temperature 298.15 K,
viscosity of water η = 0.890 mPas, refractive index of water n = 1.332) and for different
radius values and label distributions. Computed ACFs for centre and uniformly labelled
particles with Rh = 100 nm and Rh = 500 nm are presented in Fig. 3. For 100 nm particles
(Rh << w0), the difference between centre labelled, uniformly labelled and shell labelled
particles is negligible. However, for 500 nm particles (Rh ∼ w0), the size of the particles
starts to show up in a shift of the ACF of the uniformly labelled particles to longer times,
as compared with the centre labelled particles. For shell labelled particles the shifting of
the ACF is even more pronounced and allows distinguishing between differently labelled
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Fig. 4: Hydrodynamic radius (Rh) as function of diffusion time: Comparison between
particles with only one fluorescent dye, homogeneously distributed dyes in whole particle,
particles with fluorescent shell of 10 nm thickness and with a fluorescent core of 750 nm
radius (same parameter set as in Fig. 3)
particles. Moreover, the ratio of ACF to CCF amplitude is the smallest for shell labelled
particles. Especially this latter fact is important for quantitative data analysis. In a
standard FCS experiment, the shift of the ACF to longer times could be misinterpreted
as the result of a smaller diffusion coefficient of point like particles, but in 2fFCS data
evaluation, the changing amplitude ratio hints to a non-point like label distribution.
For further elucidating the impact of size and fluorophore distribution, Rh (using the same
parameter set as mentioned above) for different apparent diffusion times (inflection point
of ACF or CCF, respectively) was calculated. Several realistic situations are shown in
Fig. 4: (i) centre labelling (one fluorophore at the particle’s centre), (ii) labelling a fixed
core radius of 750 nm with varying unlabelled shell thickness, (iii) uniform labelling of
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Fig. 5: Typical 2fFCS measurement results for uniformly labelled latex beads of 50 nm (TS
100) and 250 nm (TS 500) radius. For comparison, correlation functions are normalized
and multiplied by < N > which indicates the number of particles in the confocal volume.
The autocorrelation function for the first focus (ACF 1st focus), second focus (ACF 2nd
focus), and the cross correlation between both foci (CCF) are shown. Points indicate
experimental values, solid lines are global fits, using the extended model as described in
chapter 2.2.5
the whole particle and (iv) labelling of a shell of 10 nm thickness and unlabelled core.
The curves are calculated for total particle radius values in the range between Rh = 50 nm
and Rh = 2500 nm, except for (ii), where the minimum radius is 750 nm. The considered
cases can be divided into two groups. For the first group, (i) and (ii), the fluorescently
labelled region does not change its size when the total particle radius Rh increases, whereas
for the second group, (iii) and (iv), the size of the labelled region increases together with
increasing particle radius.
As expected, for all cases of extended labelling, the apparent diffusion time is larger than
for an equally sized particle with centre labelling. Remarkably, different label distributions
lead to distinctly different changes of ACF and CCF diffusion time, which could be used
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to distinguish between different labelling geometries. Comparing core labelling, case (ii),
with centre labelling, case (i), the resulting ACF and CCF are shifted towards longer
apparent diffusion times, and the ratio of ACF to CCF amplitude is getting slightly
smaller. In contrast, uniform and shell labelling show a much stronger shift of apparent
diffusion time and a tremendous decrease in amplitude ratio. When analyzing only the
ACF (as done in standard single focus FCS), the extra shift of the apparent diffusion time
(as compared to centre labelling) could be easily misinterpreted as larger particle size and
could introduce an error in size estimation of several orders of magnitudes, as can be seen
in Fig 4.
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3 Instrumentation
3.1 Confocal Microscope
Fig. 6: Optical path of a confocal two focus experiment.
A schematical drawing of the optical path according to the confocal principle is presented
in Fig. 6. The confocal setup is based on a MicroTime200 (MT200) [108] inverted time-
resolved fluorescence microscope purchased by PicoQuant Company (Berlin, Germany)
with a core consisting of a life science microscope XI71 obtained from Olympus Europa
(Hamburg, Germany). The microscope is equipped with a water immersion objective
UPLAPO 60x W, 1.2 N.A., from Olympus Europa (Hamburg, Germany). To obtain
three dimensional pictures as well as to perform FCS experiments with spatial resolution,
the objective scanning technique is used. The difference between confocal imaging and
optical microscopy is the direct image which is obtained by optical light microscopy. For
confocal imaging technique only the intensity in the confocal volume is detected by raster
scanning. The resolution of confocal images is limited by the size of the confocal volume,
which is related by dispersion with the wavelength of light.
In common confocal setups three different ways to perform raster scanning are used.
The fastest technique is to tilt the beam out of the middle axis of the objective with
galvano mirrors, bearing the risk of aberration. Secondly sample motion through a fixed
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Fig. 7: Confocal setup with PicoQuant MicroTime 200, equipped with: 1a+b.) Laserhead
637 nm, 1c.) Laserhead 532 nm, 1d+e.) Laserhead 470 nm, 2.) Mirror, 3.) Adjustable
zero order halfwaveplate, 4.) Polarizing cube, 5.) Beamdisplacer, 6.) Fiber coupler, 7a-
c.) Single mode fiber, 8.) Dichroic, 9.) Lens, 10.) Shutter, 11.) Confocal aperture, 12.)
Fluorescence filter, 13.) 50/50 Mirror, 14.) Single photon avalanche diode
measurement beam can be detected. Typically, the motion is performed by a piezo-electric
scanning device to achieve a high positioning precession. The disadvantage of this kind of
scanning is the limitation of the sample environment. For a picture with a typical size of
512x512 pixels, the sample has to be moved 512x512 = 262144 times. Each motion step
contains an acceleration and a slowing down phase. To acquire a picture within 5 minutes
acceleration, slowing down and measurement cycle are performed 874 times per second.
Precession of placement has to be better then 50 nm. In this highly dynamical process,
the inertia of moved mass has a big influence to the accuracy of motion. To have a good
temperature stability, mass of the cell has to be high. This influences requirements of the
positioning process. Another disadvantage of sample movement is the risk of displacement
between sample and sample holder.
To overcome technical difficulties the objective scanning technique is developed, where
only the objective is moved. This objective has lower mass and thus lower inertia, com-
pared to the sample cell. The used piezo electric scanning device has a linear behavior
over the full picture size which prevents aberration effects. In x − y direction a PI de-
vice P-733 and in z-direction a PI-720 Pifoc is used. To controll the piezo devices an
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E-710 controller is attached. All piezo components are obtained from Physik Instrumente
(Karlsruhe, Germany).
In the confocal part of the setup, as shown in Fig. 7, the excitation beam is reflected by
a major triple band dichroic z470/532/638rpc towards the microscope’s objective. Other
dual band dichroics are tested for more special dye combinations. For excitation combi-
nations of λex=470 nm and λex=637 nm a z470/637rpc is used and for the λex=532 nm
and λex=637 nm a z532/637rpc dichroic is tested. For most applications the transmissi-
bility of the triple band dichroic is satisfying. All filters and dichroics are purchased by
AHF-Anaysentechnik (Tu¨bingen, Germany).
Before entering the objective, the laser beam is passed through a Nomarski prism U-
DICTHC, Olympus Europa (Hamburg, Germany) to deflect both polarization contribu-
tions in two parallel, but laterally shifted beams. After focusing through the objective,
two overlapping foci are generated. Fluorescent light is collected by the same objective
(epi-fluorescence) and focused to a single circular aperture (diameter 200 µm). For image
acquirement a pinhole with a diameter of 50 µm is used.
Behind the confocal pinhole the beam can be split in two color distributions. For dual
color experiments, the beam is divided by a dichroic 530dcxr or 600dcxr after the pinhole
to separate 470 nm or 635 nm, respectively, from the rest and guided through laser clear
up filters (HQ505/30m, for λex=470 nm, HQ580/70m for λex=532 nm and HQ687/70m
for λex=635 nm). Both beam contributions are independently divided by non-polarizing
beam splitter cubes onto two single photon avalanche diodes (SPAD, PDM series) with
detector diameter 50 µm by Micro Photon Devices, (Bolzano, Italy).
A dedicated single photon counting electronics (PicoHarp 300, PicoQuant Company,
Berlin, Germany) is used in time tagged time resolved (TTTR) mode, to record de-
tected photons with temporal resolution up to 4 ps and respect to the detecting SPAD
(time correlated single photon counting, TCSPC). The correlation functions (CF’s) can
be computed with instrument software SymPhoTime 4.3, PicoQuant Company (Berlin,
Germany) as well as with a custom made matlab routine. Only correlation between pho-
tons from different SPAD’s prevents deterioration of the CF’s due to the SPAD’s after
pulsing and dead time effects.
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Fig. 8: Single laser setup for dual focus experiments, equipped with: 1) laser head, 2.)
mirror, 3.) adjustable zero order half wave plate, 4.) polarizing cube, 5.) beam displacer,
6.) fiber coupler, 7a.) long single mode fiber, 7b.) short single mode fiber.
3.1.1 Laser coupling
The fiber coupling unit (FCU) is build on separate scientific grade breadboard, with
size of 600x600 mm and thickness of 2 inches, purchased from Newport Spectra-Physics
GmbH (Darmstadt, Germany). The FCU is equipped with two identical 470 nm wave-
length (LDH-P-C-470B), two identical 637 nm wavelength (LDH-P-635) as well as one
532 nm wavelength (PicoTA 530N) linearly polarized pulsed laser sources, obtained from
PicoQuant Company (Berlin, Germany). Laser sources of the same wavelength are com-
bined by polarizing beam splitters - a broadband polarizing cube by Ealing Catalogue
(St. Asaph, UK).
Dertinger et al. [1] used two independent lasers for creating two separate foci. Here, we
demonstrate that any confocal fluorescence microscope with pulsed excitation and the
capability of time correlated single photon counting can be used for 2fFCS. A schematic
of the experimental setup is shown in Fig. 8.
The 532 nm wavelength laser beam is split by combination of a zero half wave plate
WPQ05M-532, Thorlabs GmbH (Munich, Germany) and polarizing beam splitter by Eal-
ing Catalogue (St. Asaph, UK) in two parts with same intensity. To create the time delay
between both contributions, one beam is coupled in a short (1.56 m) fiber the other beam
is coupled in a long fiber, both single mode fibers PMC 400 are purchased from Scha¨fter
und Kirchhoff GmbH (Hamburg, Germany). By default, the length of the long fiber is
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3.85m, for a time delay of 12.5 ns. For 25 ns delay the fiber is extendable by a 60FF
fiber-fiber coupler and an additional 2,56 m PMC 400 fiber.
After pulse delay process both beams are reunited by a polarizing beam splitter as de-
scribed above. The 632 nm and 532 nm wavelength beams are combined by a dichroic
(560 dcxr) and the resulting beam is combined with 470 nm wavelength lasers by a second
dichroic (490 dcxr). Laser pulses have typically 50 ps pulse width and lasers with same
wavelength are pulsed alternately. Overall repetition rates of typical 20 or 40 MHz with
respect to lifetime of fluorescent dyes are used. Alternating pulse timing of laser sources is
accomplished by a laser driver electronic PDL 828, Sepia-II (PicoQuant Company, Berlin,
Germany). The concentrated beam of three wavelengths and both polarizations is cou-
pled into a polarization maintaining single mode PMC 400 fiber to achieve a collimated
Gaussian beam profile.
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3.2 Sealed and temperature controlled sample cell
for inverted and confocal microscopes
3.2.1 Introduction
The novel technique of two focus Fluorescence Correlation Spectroscopy (2fFCS) [1] opens
the field for accurate determination of diffusion coefficients of small molecules, polymers
and colloidal particles. Most important for diffusion measurements in liquids is the pre-
cise control of sample temperature, as solvent viscosity has a strong temperature depen-
dency [109].
By reviewing literature on Fluorescence Correlation Spectroscopy (FCS) [8], established in
the 1970’s, it may be mentioned that most experiments were performed at room tempera-
ture (RT ), e.g. in a recent publication [110] by measuring diffusion coefficients of Rhodamin
6G, which is used since thirty years as calibration standard for FCS.
In aqueous solution the temperature change from 25.0 ◦C to 26.0 ◦C decreases the viscosity
of the solvent, leading to an increased diffusion coefficient of 2.57%, which is in the order
of magnitude of the overall precession of 2fFCS experiments [54] (accuracy typically better
than 2%). Therefore, temperature determination and its constancy in the sample should
be much better than 1.0 K.
Confocal Laser Scanning Microscopy (CLSM) is often employed to investigate packing of
particles in colloidal glasses and crystals. Recently, there is an increased interest in the
crystallization behavior of temperature sensitive microgel particles [111–115]. In addition
FCS is increasingly employed to investigate self assembly in colloidal and polymer solu-
tions [105,116–118]. Temperature dependent FCS measurements can provide important new
information on self assembly of multifunctional polymers and colloids [119–122].
Surprisingly, there are currently no sealed and temperature controlled sample cells for
inverted microscopes available. When developing a temperature controller, regulation
accuracy better than ± 0.1 K should be aimed. The most challenging point in devel-
oping a suitable temperature cell is the water immersion objective, which is often used
in confocal microscopy setups. The thin water film between sample and objective estab-
lishes a thermal bridge, hence in the ideal case objective and sample must have the same
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temperature. In the case of the 2fFCS system “MicroTime 200”’ (PicoQuant, Germany),
which is available with special confocal imaging options like “objective scanning”, the
whole microscope objective is moved in three dimensions with piezo scanners type P-720
(PIFOC) and P-733 (PI, Germany). A confocal image is generated by stepwise and as
fast as possible complete scanning of the sample. For a picture with 512x512 pixels, al-
most a quarter of a million acceleration and deceleration steps are performed in a few
minutes. Reduction of mass inertia of moved parts is key for precise positioning control
of the objective.
Therefore, in a setup with objective scanning it is not recommendable to connect the
objective to a heat transducer, which would increase the mass inertia of the shifted ob-
jective. In consequence, exempt from RT a strong initial temperature difference between
sample and objective is expected. The solely possible way to solve this problem is the
design of the sample cell itself.
The sample environment presented here satisfies the requirements of the highly sophisti-
cated 2fFCS method, but is also able to fit on inverted microscopes, which may be used
for imaging and diffusion measurements in materials and life sciences
3.2.2 Investigated materials
For stability measurements TetraSpeck 100 multi fluorescent latex beads (TS 100) with
a specified diameter of approx. 100 nm were purchased from Invitrogen (Karlsruhe, Ger-
many) and used without any further purification. TS 100 particles consist, by specification
of manufacturer, of continuously fluorescent labeled spherical beads. The beads contain a
mixture of four fluorescent dyes with well separated excitation/emission peaks (365/430
nm, 505/515 nm, 560/580 nm, and 660/680 nm). The width of the absorption peaks
allows a proper excitation with laser sources at 470, 532 and 632 nm. It was shown that
Rh is equal to 56.6 nm
[123]. In this thesis particles are characterized with the 633 nm laser
pair.
PNIPAMRhodamine (poly-n-isopropylacrylamide) fluorescently labeled microgel was syn-
thesized following standard protocols as published in Ref. [111,124–126], but with a mixture
of unlabeled and labeled monomer (molar ratio approx. 1:0.016). The labeled monomer
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(methacryloxyethyl-thio-carbamoyl-rhodamine B, No. 23591) was purchased from Poly-
sciences, Inc. (400 Valley Road, Warrington, PA). DLS and 2fFCS experiments are per-
formed on same sample concentration of 0.05 wt% microgel solution. PNIPAMRhodamine
is prepared in LiChrosolv water for chromatography (No. 115333), purchased from Merck
KGaA (Darmstadt, Germany).
3.2.3 Apparatus description
For developing a suitable sample environment for 2fFCS experiments, some basic require-
ments, which must be satisfied by the resulting sample cell, have to be considered. The
sample should be completely sealed in the cell to prevent evaporation. Experiments with
volatile organic solvents should also be possible as well as sample preparation outside
measurement setup, e.g. under nitrogen conditions. Therefore parts of the cell which
have contact to sample solution have to be made from inert material and the sample cell
itself has to be portable from preparation places, like glove box, etc. to 2fFCS instrument.
A typical advantage of single molecule experiments on 2fFCS setups is the small size of
detection volume (typically femtoliters), hence the sample amount can be kept as small as
possible. Furthermore, single molecule experiments make it essential to allow an easy and
highly efficient cleaning protocol to prevent interference from molecules left from former
experiments.
In addition it is important for diffusion measurements that the investigated molecules
are not influenced by convection. Therefore heat flow through sample cell from- and
towards the microscope objective (especially in case of non-tempered objective) should
be guided around the sample volume and not through, in order to reduce the influence
on temperature inside the sample.
3.2.3.1 Mechanics
The sample cell consists of three parts, the lower body, an inset and the closing cap. The
lower body with an outer diameter of 35 mm contains a Pt100 sensor, which is located
close to the sample volume. The inset fixes the lower cover glass with a sealing ring to
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Fig. 9: Mechanical drawing of the sample cell, made from stainless steel. Lower body is
equipped with Pt100 temperature sensor. Sealing rings are mounted to inset.
the body. The upper sealing ring is also mounted to the inset. Such cells are handled
easily under nitrogen conditions, because for sealing sample inside, only the upper cover
glass has to be put in, before screwing the cap in the inset.
For sample cell material stainless steel type 1.4571 is recommended. Stainless steel of
this type shows excellent inert properties against most chemicals and solvents. To clean
sample cell for fluorescent experiments an irradiation with UV light is performed, which
destroys any fluorescent molecules left, hence only the inset has to be processed, because
this is the only part which is in direct contact to the sample. Pyrolytic cleaning under
conditions up to 500-600 ◦C are also tried out successfully.
The lower body is shaped similar to the upper side of the microscope’s objective, but
leaves a 2 mm gap to the objective, to use external immersion water supply, consisting of
a syringe pump AL1000 (World Precision Instruments, Berlin, Germany) with a 50 mL
syringe attached. To bring the immersion liquid to the objective, an intravenous catheter
type Surow-W 1.50x45 mm (Terumo Europe N.V., Leuven, Belgium) is used. To prevent
scratches on the objective the inner injection needle is removed and only the outer FEP
(perfluor-(ethylenepropylene-) plastic) tube is attached onto the top of the objective.
3. Instrumentation 35
Fig. 10: Assembly of sample environment, mounted on standard microscope table. To
open apparatus for sample change, heat exchanger is flipped vertically by 90◦.
To cover the sample, standard round microscope coverslips with a diameter of 10 mm and
22 mm are used for single utilization. Sealing rings made of Viton®are used with the
dimensions of 18x1 mm and 8x1 mm. The diameter of the sample volume is smaller than
the lens diameter of the objective. The outer metal body of the objective is connected
via immersion liquid and the lower cover glass to the metal part of the sample cell,
which provides a suitable way of heat flow around the sample volume itself. The distance
between cover glasses is approx. 1.5 mm, to form a sample reservoir, which prevents
convection. A detailed technical drawing is shown in Fig. 9. The sample cell is mounted
with a Plexiglas®plate to standard microscope table to decouple the sample cell from the
metal body of the microscope.
Temperature stabilization of the sample cell is performed by a 18 W thermo electric
element (TEM), type TB-38-1,0-0,8CHR (Kryotherm, Saint-Petersburg, Russia). The
backside of the TEM is equipped with a fluid heat exchanger, which is adjusted to the
temperature of the sample cell by a F30-C cryostat (JULABO Labortechnik GmbH, Seel-
bach, Germany). Thus, temperature is roughly tuned by the cryostat and thermal fluc-
tuations are compensated by the TEM. The complete mounting of temperature control
environment is shown in Fig. 10.
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3.2.3.2 Electronics
The power controller for the TEM is developed for special requirements of the Micro-
Time200 setup. The control link between main optical unit and instrument software,
implemented as a CAN-bus, enables the power controller to receive temperature requests.
Main control of temperature is assumed by the power controller, which gives a feedback to
instrument software when temperature stability criteria are reached. The power controller
is equipped with a BasicTiger®micro controller purchased from Wilke GmbH (Aachen,
Germany), which communicates with the cryostat to set and monitor the temperature of
the heat exchanging fluid, as well as monitoring the temperature of the sample cell by a
Pt100 temperature sensor. Finally, the micro controller is regulating the power supply of
the TEM. Due to requirements of TEM, power supply needs to be constant with fixed
voltage (4.6 V) and current (3.8 A). For adjustment of TEM power rating, a pulse width
modulation (PWM) at a fixed frequency of 1 kHz is applied. The TEM is used to heat
or to cool by reversal of the supply voltages polarity.
3.2.3.3 Control algorithm
The controlling algorithm is implemented as software in the micro controller. In compari-
son to hardware regulators, the software solution is more flexible to adjust the controlling
to the circumstances of TEM regulation.
The pulse width is tuned by a self developed regulation algorithm, which monitors tem-
perature of the sample cell. The past 60 seconds of the temperature trend are monitored.
Based on this data the algorithm predicts the temperature to 60 seconds in the future.
The computed “future”’ temperature is compared with the requested temperature and
the TEM power is adjusted proportional to this value.
For precise temperature regulation it is essential to perform the adjustment on fixed
time steps. Due to performance of the BasicTiger®micro controller, a timing of 10 Hz is
recommended. To take into account the efficiency of the TEM, which converts energy loss
to heat, an asymmetry factor is included into the regulation algorithm, which influences
the proportional adjustment of TEM power.
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3.2.3.4 Temperature calibration
After assembly of the sample cell, the internal Pt100 temperature sensor has to be cal-
ibrated in a thermostate waterbath, which is monitored with a precession thermometer
type GMH 3710 (Greisinger electronic GmbH, Regenstauf, Germany). Because the mi-
croscope objective is not temperature controlled, a temperature offset between the lower
body of the sample cell and sample volume is induced. This evokes an additional calibra-
tion of temperature in the sample volume.
Several references for temperature calibration in small confocal volumes can be found.
One approach is the measurement of temperature dependent fluorescence intensity, which
occures on special chemicals like thermochromic liquids [127], Ni(II) high-spin/low-spin in-
terconversion [128], semiconducting nanoparticles [129] or thermoresponsive polymers [130,131].
Another approach takes the fluorescent lifetime changes of Rhodamin B into account [132],
which is influenced by conformational changes of sidegroups depending on the chemical
environment [133,134].
To calibrate temperature inside the sample volume, this thesis presents diffusion measure-
ments of TS 100 particles in the range of 5.0 to 65.0 ◦C with a step width of 2.5 K and
50 repeats for each temperature. Hereof obtained diffusion coefficients and the known
Rh of TS 100 (Rh = 56.6 nm) are used to calculate solvent viscosity according to the
Stokes-Einstein Eq. 12. By this calculations temperature accuracy is determined to be ±
0.1 K.
For temperature stability, temperature fluctuations inside the sample volume are consid-
ered to be equal to those in the lower body of the sample cell, which is monitored via the
Pt100 sensor and determines the fluctuations to be below ± 0.05 K.
3.2.3.5 Compensation of thermal induced sample shift
Changing sample temperature leads to a significant and reproducible sample displacement
in z-direction. The origin of the displacement is a cumulative effect of thermally induced
volume changes of the metal parts of the sample cell, of the Plexiglas®stage and the
thermally induced change of the refractive index of sample and immersion water. The
contribution of each individual factor was not examined more closely because the entire
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Fig. 11: Thermal displacement sample in z-direction between microscope objective and
upper surface of lower cover glass, in the temperature range of 5.0 ◦C to 50.0 ◦C.
displacement effect has to be compensated. This displacement can be monitored by
temperature dependent xz-imaging of the back scattered light from surface of a cover
glass. Regarding to the point that the working distance of objective (distance between top
of objective lens and the focus) is approx. 280 µm, with 180 µm thickness of cover glass,
the maximal depth of reachable investigation volume inside the sample has a thickness in
z-direction of approx. 100 µm. To achieve precise values, the position error in z-direction
should be less than 1 % or 1 µm. The importance of position control becomes more
obvious by comparing the thermal z-displacement which is shown in Fig. 11, with the
acceptance limit of 1 µm. To overcome this problem, an electric actuator for objective
positioning was developed.
The mechanical part consists of two stepper motors which are alternatively connected
to the manual turning knob of the microscope. One stepper motor is used directly, the
other one is equipped with a gearbox and both are coupled by magnetic clutches. For
security reason a lower limitation is set by a photoelectric reflex barrier. To guarantee the
precise position of the objective relative to the sample, the distance between sample stage
and objective piezo controller (PIFOC) is measured with an inductive digital comparator
(Millimess Inductive Digital Comparator Extramess 2001, Mahr GmbH, Go¨ttingen, Ger-
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many). Power supply is equipped with a BasicTiger®micro controller and also attached to
the system wide CAN-bus. The calibration curve of objective position versus temperature
and the temperature which is associated to zero point is stored in the micro controller.
In the automatic modus, the micro controller receives the requested temperature from
the instrument software and moves the objective with respect to calibration curve and
zero point to the right position. For manual adjustment, the controller is equipped with
a control unit for positioning as well as zero point setting.
3.2.4 Results and discussion
To get precise measurements of diffusion coefficients in 2fFCS experiments it is absolutely
essential to provide exact and reproducible temperatures in the sample cell. Hence, while
developing a new kind of temperature controlled sample cell for 2fFCS experiments two
aspects need to be considered: (i) the time to reach an equilibrated temperature in the
setup has to be as short as possible and (ii) long time temperature stability inside the
sample has to be ensured. Both criteria are achieved with the sample cell presented in
Fig. 9+10.
A comparison of target temperature, actual temperature in the sample cell and temper-
ature of the water bath is shown in Fig. 12, upper plot. After a temperature jump from
20.0 ◦C to 25.0 ◦C, a slight overshoot (15-20% of the temperature difference) in the sam-
ple cell temperature is observed. This effect is wanted because the temperature sensor is
not located in the sample volume itself but outside of it. For the cooling step the same
behavior is observed.
The lower plot of Fig. 12 shows the heating/cooling power which is applied to the TEM.
The usable maximal power of ± 18W is used at the beginning of the temperature jump.
After the cryostat reaches a constant temperature, the temperature inside the sample is
adjusted to the target temperature. The difference between heating and cooling step can
also be seen in this plot. For a heating step, the energy loss of the TEM is added to the
energy flow and for the cooling step, the loss energy has to be compensated. As stated
in (ii) temperature has to be stable over long times. At elevated or deep temperatures
only the heat flux through TEM is changed. At RT heat flux needs to be constantly
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Fig. 12: Temperature jump from 20.0 ◦C to 25.0 ◦C and back. Upper plot: Temperature
characteristics of cryostat and sample cell. Lower plot: Heating/Cooling power during
temperature setting process.
Fig. 13: Hydrodynamic radius of TetraSpeck 100 nm fluorescent labeled latex particle
measured fourty times for fifteen minutes each at 25.0 ◦C.
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Fig. 14: Main picture: 2fFCS curves of a thermo responsive microgel particle at two dif-
ferent temperatures. Autocorrelation (ACF) and cross-correlation (CCF) functions, fitted
with enhanced 2fFCS model for multi labelled particles. Inset: Temperature dependent
Rh, obtained from DLS.
inverted, which is a more challenging task for the temperature controller. Due to this the
stability of the sample cell is demonstrated in Fig. 13 by measuring the diffusion coefficient
of TS 100 latex particles for 10 h at 25.0 ◦C. As diffusion coefficient depends on solvent
viscosity, which depends itself on temperature (Stokes-Einstein-Equation), we get a direct
correlation. Statistic deviations of diffusion coefficient are smaller than deviations of the
2fFCS experiment, which means temperature, either in the sample cell or in the sample
environment, has no influence on the results anymore.
To prove the capability of the sample cell with respect to absolute temperature and tem-
perature stability, a thermo responsive poly(n-isopropylacrylamide) (PNIPAM) microgel
was investigated. Thermosensitive polymers are customized with respect to particle size
and show a sharp and reversible transition at a well defined temperature, which makes
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these kinds of materials perfect indicators for temperature changes in sample environ-
ment [125,135–138].
Temperature dependent particle size of the microgel was determined by means of DLS as
a common ensemble measurement technique. In the DLS apparatus, the sample is located
in a water bath providing a homogenous temperature inside the sample. Temperature is
monitored by a calibrated precession thermometer, which allows utilization of measured
temperature dependent Rh of the microgel, as a “quasi”’ standard for 2fFCS experiments.
In Fig. 14 the correlation functions of the 2fFCS measurement of a microgel below and
above the volume phase transition temperature (VPTT) is shown. Rh was determined
from 2fFCS correlation functions by using an enhanced diffusion model for particles with
fluorescence distribution within the whole particle [118]. The obtained Rh of 117.2 nm
below the VPTT (at 31.2 ◦C) and 55.9 nm above VPTT (at 36.1 ◦C) shows very good
agreement with DLS measurement (122.9 nm at 31.0 ◦C and 56.9 nm at 36.0 ◦C), which
is presented in Fig. 14, (inset). The results demonstrate that the temperature controller
provides an absolute temperature accuracy in the confocal volume of ± 0.1 K with a
precession of ± 0.05 K.
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3.3 Automatization
3.3.1 Data Acquisition
Most of the investigated samples presented in this thesis are thermo sensitive, thus a tem-
perature dependent measurement has to be performed more often. The standard MT200
setup is designed to run single measurements under user attention. For quantitative and
temperature dependent measurements it is necessary to perform multiple measurements
under the same conditions to evaluate the deviation in the experiment. By enhancing
the setup, automated measurements can be performed, if special attention is paid to the
following points:
• The water immersion objective needs a supply, which doses a small amount of im-
mersion liquid continuously on the top, without disturbing the measurement process.
• The sample has to be measured in a sealed sample cell to prevent solvent vaporiza-
tion.
• The instrument control software must be able to perform a cycle of measurements
under different conditions.
• The temperature and objective position must be alterable by instrument software.
• During experimental cycles the state of experiment and sample condition have to
be monitored. For security reasons this control must be able to stop the unattended
measurement if a parameter of the experiment is out of range.
The system wide CAN-bus provides a distinguished potential to interconnect the different
controllers, actuators and probes in the MT200 setup. Hence the CAN-bus is used to con-
nect an independent computer as the controlling device. On the computer a custom build
LabView (National Instruments Germany GmbH, Mu¨nchen, Germany) application moni-
tors and logs the parameters during progress of the experiment. The following parameters
are logged continuously:
• Set and actual temperature of the sample.
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• Actual temperature of the cryostate.
• State of laser shutters.
To solve the problem of immersion liquid vaporisation, dosing of the syringe pump is
controlled by LabView application. A dosing cycle consists of depositing a droplet of 30
µl volume and an experimental delay time of 10 min at 25.0 °C, which is varied inversely
proportional to the vapor pressure of water.
Temperature and position controllers are designed for unattended automatic measure-
ments. In collaboration with PicoQuant, a plugin for the instrument software was devel-
oped. The plugin requests a temperature via CAN-bus. Afterwards the objective is moved
to the related position and temperature is changed synchronistically. After convergence
criteria for a stable temperature are detected, a measurement start signal is reported to
the plugin. The new measurement can include several repetitions for each temperature
so performance of automated measurements with a duration of more then 30 h, over a
hundred data points and an overall measured data volume of more than 30 GB is possible.
3.3.2 Data Processing
The possibility to acquire comprehensive series of measurement data raises the question
of efficient data processing. Therefore, the work flow of data processing is analyzed and
summarized as follows:
• Measurement / data acquisition
• Filtering photon events against
– Excitation pulse / fluorescence lifetime
– Detection channel
• Calculating correlation function
• Fitting model to data
• Compose fit results
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In the ideal case data acquisition and data evaluation are performed on different computer
systems to unblock the measurement system. The original instrument software is com-
piled for 32bit operation systems with restriction to 2GB RAM and a single processing
thread for single focus experiments and user attended data evaluation. Execution of serial
evaluations is only possible in a very restricted way. Moreover, an automated correlating
can only be done for one correlation function per run. Processing (filtering and correlat-
ing) of a 24 h measurement takes 24 h per correlation function on a standard computer
system. In the worst case, this generates a time delay of around two weeks between data
acquisition and data fitting, because processing time has to be multiplied by the number
of CF’s. The possible CF’s add up as follows:
• three for dual foci experiments
• three for two color experiments
• three for FRET information and
• three more for diffusion in two color experiments.
Modern CPU development shows no increase in clock rate, which is the only fact the
original instrument software benefits from. In modern systems CPU speed is increased
by linking cores, resulting in a more productive cluster.
Therefore, a new correlating routine, which is able to run clusters, is developed out of
a custom made MatLab (MathWorks Inc., Natick, MA, USA) routine. An enhancement
of the basic correlation routine reveals the possibility of parallelization. This correlation
routine splits the raw data of one measurement point in independent chunks of one million
photon events. A typical measurement point grasps over twenty million photon events.
Hence a measurement with hundred data points is split in thousands of independent
chunks and computed parallel. Thus, for common cluster sizes, computation time scales
reciprocally with the number of cluster nodes.
A typical setup of a computer cluster is presented in Fig. 15. Users interact only with
the local MatLab interface. In the background, these user interface is connected with the
central jobmanager computer, which stores the requested calculations in a in-queue. The
jobmanager monitors the connected cluster nodes and submits, if a cluster node is idle,
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2fFCS FCS FCS
Crosscorrelation Autocorrelation Crosscorrelation
color 1 ACF1 x
long ACF2 x
wavelength CCF
color 2 ACF1 x
short ACF2 x
wavelength CCF
FRET ACF1 x
ACF2 x
CCF
Color- ACF1
cross- ACF2
corelation CCF
Table 2: Explanation of color code in Tab. 1. Meaning of correlation functions in single
and two focus experiments. In single focus experiments typically one pulse for one focus
is applied, thus auto correlation and cross correlation functions are of the same color.
a chunk for calculation. After successful calculation the jobmanager pulls the result from
the cluster node and stores it in the out-queue. Each data chunk is tagged with a unique
identifier (UID), which allows a multi user usage of the cluster. The user interface collects
by UID’s the computed data chunks and combines them to the result for the measurement
point. Additionally the result for each computed chunk is stored in a MatLab data file,
which allows a subsequent data analysis without recalculation of correlation functions.
An Overview about the possible correlation functions in a two focus, two color experiment
is presented in Tab. 1. To keep data processing simple, all 256 combinations between
detectors and pulses are computed. After computation valid correlation functions are
selected. The correlation scheme in Tab. 1 is developed due to the current 2fFCS setup,
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Fig. 15: Setup of a computer cluster. User computers interacts with a central jobmanager
computer, which controls attached cluster nodes.
where pulses 1+2 are related to the long- and pulses 3+4 are related to the short wave-
length. Pulses with odd numbers are assigned to the same focus and pulses with even
numbers are related to the other focus. The detectors 1+2 are assigned to the long-, and
detectors 3+4 are related to the short wavelength. The apportionment of the color code
in Tab. 1 and its meaning in the experiment is presented in Tab. 2.
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3.4 Instrument Calibration
In current literature it is often found that the advantage of a dual focus setup is cali-
bration less determination of absolute diffusion coefficients. But a confocal setup is not
calibration less at all. To figure out the meaning of “calibration less”’ in this context, it
has to be distinguished between measurement and environment. In classical single focus
experiments, each diffusion measurement requires a calibration with a known substance
under the same conditions as the main experiment, to calculate parameters for the con-
focal volume. On a dual focus setup calibration is neglected, thus the measurement itself
is considered as “calibration less”. Hence, the distance between foci, which is used as an
internal ruler, has to be determined once. Independent of the experiment, environmental
conditions have to be adjusted and calibrated. Special attention is focussed on:
• Adjustment
– Collar-ring / Coverslide thickness
– Foci Distance
• Calibration
– Objective Position Controller
– Temperature Controller
At the installation of the instrument these parameters have to be figured out, subsequently
they have to be checked. Procedure of determining these parameters is found in the
following paragraphs.
3.4.1 Coverslide Thickness
In single color experiments chromatic adjustment of the objective to the coverslide thick-
ness is an underestimated point in current publications, because it influences only the
shape of the confocal volume. Adjustment with the collar-ring also influences the position
of the confocal volume along the optical axis. The position depends on the wavelength,
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Fig. 16: Displacement in z-direction of centers of the confocal volumes by adjusting the
collar ring. Positions measured at different wavelengths of λ = 637 nm, λ = 532 nm and
λ = 470 nm
hence in multicolor experiments confocal volumes must have a maximal overlap. A novel
and fast method to adjust the collar-ring is presented here.
Displacement of confocal volume is used to find the right setting for the collar-ring and
is detected by confocal imaging of back scattered light of a coverslide surface in x − z
direction. To compare the position of all three available wavelengths, each laser is used
in PIE mode. On the detection side the triple band major dichroic is used. Instead of
a fluorescence filter the detection beam line is equipped with an attenuator with optical
density of OD3. The obtained picture has to be divided in three pictures which are related
to each laser wavelength by time gating in the lifetime domain. Intensities in the pictures
are summarized in x-direction. A Gaussian function is fitted to the resulting curve.
Comparison of the angular point of three measured wavelength shows the displacement
of the confocal volumes. This measurement is repeated for varied collar-ring settings. By
comparing the angular position of each wavelength versus the collar-ring setting, the best
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position with maximal foci overlap is determined as presented in Fig. 16.
In the majority of cases the original ticks on the collar-ring are to wide spaced for precise
adjustment, hence they are replaced by a scale with higher resolution. A perfect adjust-
ment of the collar-ring is the first step in the calibration process and only then the next
calibration steps can take place.
3.5 Further Methods
3.5.1 Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) measurements were performed on a standard ALV 5000
system, equipped with a laser (light wavelength 633nm). Scattering intensity was detected
at angles of 60◦, 90◦, and 120◦, respectively, and the hydrodynamic radius was calculated
with a second order cumulant fit using the Stokes-Einstein equation. The measurement
system was equipped with a temperature controlled water bath giving a precision in
sample temperature stabilization of ± 0.2 K.
3.5.2 Viscosity and density
Dynamic viscosities were determined with a Bohlin C-VOR 150 digital rheometer to
perform strain, shear rate, or stress controlled experiments. This rheometer was equipped
with a 4◦, 40mm cone-plate geometry.
Kinematic viscosities were determined with a Lauda PVS viscosity system, equipped
with a micro Ubbelode capillary No. 1011219, capillary constant 0.01mm2/s2 and a
temperature controlled water bath. Dynamic viscosities were calculated by the equation
η = νρ.
Densities were determined with a density meter DMA-5000 (Anton-Paar, Germany).
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3.5.3 Zeta potential
Zeta potentials were measured with a nano-zs instrument (Malvern, UK). The instrument
was able to dertermine particle size, zeta potential and molecular weight. By manufactures
specification, nano-zs was able to measure zeta potential in aqueous and non-aqueous
dispersions. The particle size analysis was able to characterize particles and molecules
in the range from 0.6nm to 6 microns, using an avalanche photodiode detector and fibre
detection optics.
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4 Applications
Novel sophisticated applications of 2fFCS are presented, which will introduce this new
method to polymer and colloid science. All applications benefit from the theoretical and
mechanical improvements described in this thesis so far. In addition to standard FCS
applications, 2fFCS can be applied on i) single molecule experiments like remote temper-
ature measurements in very small volumes, determination of accurate and precise diffusion
coefficients of fluorescence standards and ii) on any colloidal system where particle size
effects play a key role like determination of the shear distance of a DIC prism or the
crowding and assembly of colloidal particles. It is of special interest to point out that the-
oretical considerations concerning the particle size effect presented in the Theory section,
are verified successfully by experimental data.
4.1 Remote temperature measurements in femto-liter
volumes using dual-focus Fluorescence Correla-
tion Spectroscopy.
4.1.1 Introduction
Precise remote temperature measurements within femtoliter-small volumes play a key role
in customizing biological, biochemical and chemical techniques to lab-on-a-chip (LOC) de-
vices. To measure temperature in LOC devices with direct contact to sample is a common
and easy technique, using e.g. resistance of platinum which relation to temperature is
nearly linear over a wide temperature range [139]. In cases of measuring in a very small
volume, the sample cannot directly contact with a platinum resistance, therefore we focus
on contactless methods for precise temperature determination.
The two most frequently used fluorescence based techniques for remote temperature mea-
surements are based on: (i) employing the temperature dependence of the fluorescence
intensity of specific materials [140,141], and (ii) measuring the temperature dependence of
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the fluorescence lifetime of specific fluorescent dyes. Group (i) uses effects such as ther-
mochromicity of liquids [127], special properties of Ni, e.g. Ni(II) high-spin/low-spin in-
terconversion [128] or NiCr/Ni-films [142], temperature dependent conductivity of semicon-
ducting nanoparticles [129] or thermoresponsivity of some polymers [130,131], as well as photo
bleaching of fluorescent dyes [143]. Group (ii) employs temperature dependent fluorescence
lifetime changes of Rhodamine B [132,144] which are induced by temperature dependent
conformational changes of sidegroups [133,134]. All these approaches are appropriate for
particular applications but they depend on the availability of highly specific chemicals or
materials.
Here, a more generally applicable technique which is based on the absolute measurement
of diffusion of small fluorescent dyes is presented. Thermally induced Brownian motion
of molecules and particles in solution is a fundamental property that is macroscopically
described by the diffusion coefficient. The Stokes-Einstein equation [145] relates the dif-
fusion coefficient of spherical objects to their hydrodynamic radius Rh. For particles or
molecules with known Rh, the measured diffusion coefficient enables to determine either
temperature or viscosity (which itself depends on temperature) of the solvent.
2fFCS allows absolute and precise measurements of diffusion coefficients of small fluoresc-
ing molecules close to the infinite dilution limit. The achieved accuracy of the method is
estimated to be better than ± 2%, and the spatial resolution of the method is below one
micrometer. In this thesis 2fFCS is used for determining the temperature within femtoliter
volumes by measuring the diffusion of fluorescing molecules and, using the Stokes-Einstein
relation, converting the diffusion coefficient into a temperature value. Accuracy of the
2fFCS approach with temperature measurements based on fluorescence lifetime changes
of Rhodamine B and with measurements based on diffusion changes of thermosensitive
particles is compared. In contrast to the last two methods, 2fFCS is generally applicable
and does not depend on the availability of specific materials.
The technical implementation of precise temperature control in the sample environment
e.g. in a microfluidic chamber [146] or a sealed microscope sample cell [147] is an additional
important task but this is behind the scope of this thesis.
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4.1.2 Materials
All samples are prepared using LiChrosolv water for chromatography (No. 115333, Merck
KGaA, Darmstadt, Germany). For 2fFCS experiments Atto655-maleimid (No. AD 655-
4, ATTO-TEC, Siegen, Germany) is used. Rhodamine B (BioChemika, No. 83689)
was obtained from Sigma-Aldrich (Seelze, Germany). 2fFCS single molecule experi-
ments were carried out with nanomolar dye concentrations. PNIPAMRhodamine (poly-n-
isopropylacrylamide) fluorescent labelled microgel was synthesized following standard pro-
tocols as published in Ref. [111,111,124] using a mixture of unlabelled and labelled monomers
with a molar ratio of approx. 1:0.016. Labelled monomers (methacryloxyethyl-thio-
carbamoyl-rhodamine B, No. 23591) were purchased from Polysciences. (400 Valley
Road, Warrington, PA). DLS and 2fFCS experiments are performed at same sample con-
centrations of 0.05 wt% microgel solution.
4.1.3 Results and Discussion
4.1.3.1 Lifetime measurements on Rhodamine B
At first the lifetime dependence of Rhodamine B in aqueous solution and in methanol
was measured. In Fig.17, a comparison of single molecule lifetime data of Rhodamine B
(red crosses) with literature values from Ref. [132,134] (dots and circles) is presented. The
published values for water were perfectly reproduced. However, in contrast to the claims
of Ref. [132], a different temperature dependence of the Rhodamine B lifetime in methanol
(stars) is found. Taking into account that the lifetime change is caused by a different ro-
tational flexibility of the dye molecule which is again dependent on the solvent’s viscosity,
it would be really surprising to see the same temperature dependence of the fluorescence
lifetime in water and in methanol. This hints also to a weak point of the method: besides
being dependent on a specific dye and the availability of matching excitation light source,
the exact temperature dependence of the lifetime will be solvent specific, and even any
contamination that potentially quenches the fluorescence will change that dependence.
This restricts the general applicability of the method.
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Fig. 17: Fluorescence lifetime measurements of Rhodamine B. Comparing published fluo-
rescence lifetime as a function of temperature in aqueous solution (dots and circles) [132,134]
with fluorescent lifetime measurements obtained from single molecule experiments in aque-
ous solutions (crosses) and in methanol (stars).
4.1.3.2 2fFCS measurements of temperature
2fFCS offers the possibility to use any fluorescent dye for temperature measurements and
allows determining the diffusion coefficients of dye molecules with an absolute accuracy of
± 2%. Because for most solvents, temperature dependency of viscosity is well known, one
can use the measured diffusion coefficient to directly derive a temperature value using the
Stokes-Einstein equation. In Fig.18 the measured diffusion coefficient of the dye Atto655-
maleimid as a function of temperature is shown as an example. The data (crosses) are
fitted with the Stokes-Einstein equation, showing perfect agreement between predicted
and determined behavior of diffusion coefficient with temperature. It should be empha-
sized that the focal volume where the diffusion is measured is in the order of femtoliters.
Thus, 2fFCS based diffusion measurements are an ideal tool for determining absolute
temperature values with sub micrometer spatial resolution. It should also be noted that
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Fig. 18: Temperature dependent measurement of Atto655 imid fluorescence dye. Diffusion
coefficient from 2fFCS is in perfect agreement with Stokes-Einstein equation.
this method will rather not work when using conventional FCS: because the refractive
index of any liquid is a function of temperature, varying temperature will introduce re-
fractive index mismatch between solution and an objective’s immersion medium, leading
to aberrations in laser focusing and fluorescence detection.
As was pointed out in detail in Ref. [54], this will change the detection volume and temporal
decay of an ACF, leading to an apparently slower diffusion coefficient in conventional
FCS. The important point is that 2fFCS is insensitive to such aberration effects and can
thus be used over a wide temperature range without suffering from the changing optical
aberrations at different temperature values. Moreover, the method will be insensitive to
effects such as partial fluorescence quenching which will deteriorate the performance of
any fluorescence lifetime based temperature determination.
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Fig. 19: PNIPAMRhodamine labelled microgel DLS measurement of thermosensitive micro-
gel, with VPTT around 32◦C.
4.1.3.3 Microgel swelling
The last studied method was using the temperature dependent swelling of microgel parti-
cles for determining temperature, in this case PNIPAMRhodamine labelled microgels. The
diffusion coefficient of the particles is measured either with DLS or with 2fFCS. In con-
trast to the “pure dye”’ experiments of the preceding subsection, where one uses only
the dependence of solvent viscosity on temperature, thermosensitive microgel particles
change also their intrinsic Rh with changing temperature. The very pronounced change
of Rh takes place within a very narrow temperature range and can thus be used for highly
accurate temperature determination.
In Fig.19, the temperature dependency of Rh of PNIPAM
Rhodamine-labelled microgel par-
ticles as determined by DLS and by 2fFCS is shown. The VPTT, defined as the inflection
point of the shown curve, is approximately 32◦C. Depending on the microgel synthesis, it
is possible to adjust the VPTT as desired within a temperature range between 20◦C and
50◦C.
Again, the comparison of ensemble data from DLS and results from single molecule 2fFCS
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Fig. 20: Comparison of reachable accuracy for temperatures calculated by measuring dif-
fusion coefficients in a femto-liter volume Green: Thermosensitive material with VPTT
around 35 ◦C. Red: arbitrary fluorescence dye with Blue: lifetime measurement of Rho-
damine B. Diffusion measurements are done with 2fFCS.
shows a perfect agreement, showing the perfect performance of 2fFCS. Thus, 2fFCS to-
gether with temperature dependent microgel swelling allows highly accurate temperature
measurements on the sub micrometer length scale.
4.1.3.4 Comparison of methods and estimation of achievable
precision
In the preceding subsections, measured data on the temperature dependence of (i) fluo-
rescence lifetime of Rhodamine B, (ii) the diffusion coefficient of Atto655-maleimid, and
(iii) the hydrodynamic radius of PNIPAMRhodamine labelled microgel particles as measured
via their diffusion coefficient were presented. To estimate and compare the accuracy of
the different techniques, the following assumptions are made: (i) the absolute precision
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of lifetime determination within a femtoliter volume at reasonable dye concentration and
measurement time is estimated to be between 50 and 100 ps; (ii) the accuracy of a typical
2fFCS diffusion measurement is assumed to be between 2 % and 4 %; (iii) the tempera-
ture dependence of microgel swelling is behaving as shown in Fig.19; (iv) the VPTT takes
place around 32◦C; and (v) particle radius changes approx. by a factor of 2 within the
transition region of the VPTT.
Using all these assumptions, Fig.20 shows a comparative estimate of the achievable accu-
racy of temperature determination for all three methods. Shown are regions bound by the
estimated lower and upper accuracy of each method (50-100 ps for lifetime measurements,
2-4 % for diffusion measurements).
As can be seen, the lifetime based method (blue band) has the smallest accuracy, which
quickly deteriorates with increasing temperature. This is due to the fact that the rel-
ative lifetime change becomes smaller with increasing temperature. In contrast, 2fFCS
measurements of dye diffusion (red band) show a higher accuracy with a much smaller de-
pendence on absolute temperature. The highest accuracy, within the range of the VPTT
transition, shows the microgel particle diffusion method, allowing an absolute accuracy
of temperature determination of better than ± 0.2 K. However, this accuracy is achieved
only within a narrow range around the VPTT - farther away one observes the same accu-
racy as that of the dye-diffusion based method, because there the temperature dependence
of the microgel-particle diffusion is also only due to the temperature dependence of the
solvent viscosity.
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4.2 Precise Measurement of Diffusion by Multi-Color
Dual-Focus Fluorescence Correlation Spectroscopy
4.2.1 Introduction
Thermal, or Brownian, diffusion of single molecules in solution is one of the best studied
processes in statistical physics and is usually considered to be the master example of a
stochastic process [148]. Its study was at the beginning of the modern age of statistical
physics [149] and has attracted considerable attention in the theoretical literature [150,151].
Moreover, the famous Stokes-Einstein relation [109] that couples temperature, solvent vis-
cosity, and the hydrodynamic radius of diffusing molecules, allows for determining the
latter and thus for estimating molecular size. This ability to size molecules via their
diffusion has wide potential applications such as monitoring conformational changes in
biomolecules or binding between different molecules.
Surprisingly, up to this day it is rather difficult to measure molecular diffusion with high
precision if their concentration is close to the important limit of infinite dilution (pico- to
nanomolar) where intermolecular interaction between molecules can be neglected. There
are several powerful ensemble techniques available for precise diffusion measurement such
as dynamic light scattering (DLS) [152] or pulsed-field gradient nuclear magnetic reso-
nance (pfNMR) [153]. However, DLS requires a large electric polarizibility of the diffusing
molecules, and both DLS and pfNMR need rather high solute concentrations to achieve
high accuracy within a reasonable measurement time.
4.2.2 Materials
Using the 2fFCS system, the absolute diffusion coefficients of three widely used fluores-
cent dyes Atto655-maleimid (AttoTec, Siegen, Germany), Rhodamine 6G (No. 83697,
Sigma-Aldrich, Seelze, Germany and No. R634, Invitrogen, Karlsruhe, Germany), and
Oregon Green® 488 (No. D6145, Invitrogen, Karlsruhe, Germany) in aqueous solutions
(solvent LiChroSolv water for chromatography, No. 115333, Merck KGaA, Darmstadt,
Germany) at three different excitation wavelengths (470 nm, 532 nm, 637 nm) across the
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visible spectrum were determined. In all cases, it was checked that the obtained diffusion
coefficient was independent on excitation intensity, in stark contrast to typical single focus
FCS measurements. Only when excitation power per focus was exceeding ca. 50 µW,
photobleaching started to accelerate the apparent diffusion coefficient.
4.2.3 Results and Discussion
Using our 2fFCS system, we determined the absolute diffusion coefficients of three widely
used fluorescent dyes (Atto655-maleimid, Rhodamine 6G, and Oregon Green® 488) in
aqueous solutions (solvent LichroSolv water for chromatography, No. 115333, Merck
KGaA, Darmstadt, Germany) at three different excitation wavelengths (470 nm, 532 nm,
637 nm) across the visible spectrum. In all cases, it was checked that the obtained diffusion
coefficient was independent of excitation intensity, in stark contrast to typical single-focus
FCS measurements. Only when excitation power per focus was exceeding ca. 50 µW,
photobleaching started to accelerate the apparent diffusion coefficient.
For the dye Atto655-maleimid (AttoTec, Siegen, Germany), a diffusion coefficient in water
of D25◦C(Atto655-maleimid) = (4.07± 0.1)× 10−6 cm2/s was found. We determined the
diffusion coefficient of the same dye in deuterized methanol (methanol4d) with pfNMR. In
both cases we find, via the Stokes-Einstein relation that the hydrodynamic radius of the
dye is identical (within our measurement errors) in both solvents. This is a non-trivial
result in itself, because it would be possible that the hydrodynamic radius in different
solvents is not only dependent on macroscopic viscosity but also on specific microscopic
interactions such as the formation of hydrogen bonds. We found a similar equality be-
tween 2fFCS and pfNMR measurement for the free acid form of the dye (D25◦C(Atto655-
carboxylicacid)= (4.26± 0.08)× 10−6 cm2/s). Thus, 2fFCS is sensitive enough to be able
to resolve side group variations leading to diffusion coefficient differences of only 4%.
Rhodamine 6G (Rh6G) was used over three decades as calibration standard for FCS
experiments with a reported diffusion coefficient of D22◦C(Rh6G)= (2.8±0.7)×10−6 cm2/s
in a buffer solution of 10−4 M Na ethylenediaminetetraacetic acid, 10−1 M NaCl, 10−2 M
tris-(hydroxymethyl)-aminomethane, with pH 8.0 [8].
In most publications, the effect of the buffer solution is neglected and that value is used
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Fig. 21: 2fFCS measurement on an aqueous solution of Rhodamine 6G. The ACF for
the first focus (ACF 1st focus), second focus (ACF 2nd focus), and the CCF between
both foci are shown. All correlation curves are shown as normalized to the value at
infinite lag time. The slight difference in the ACF amplitudes is not due to different
excitation volumes in both foci but due to slightly different scattering background for both
excitation polarizations and thus foci. Laser excitation power was = 10.2µW . Markers
indicate experimental values, solid lines are global fits using Eq.33 with fit-parameters:
w0 = 245 nm, R0 = 150 nm, triplet state relaxation was not applied to the fit, and
diffusion coefficient D25◦C(Rh6G)= 4.14× 10−6 cm2/s.
directly for aqueous solutions of Rh6G, where it translates into a value of D25◦C(Rh6G)=
(3.0± 0.8)× 10−6 cm2/s at 25◦C when using the known dependence of water viscosity on
temperature.
We performed measurements on aqueous solutions of Rh6G at 25◦C. Rh6G was obtained
from two different suppliers because it is known that the grade of purity is quite different
for commercially available Rh6G. For Rhodamine 6G (No. 83697, Sigma-Aldrich, Seelze,
Germany), a diffusion coefficient of D25◦C(Rh6G)= (3.89± 0.3)× 10−6 cm2/s was found.
A HPLC measurement with an eluent of 85%/15% MeOH/H2O on a RP17 colum with
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a UV/VIS detection at 532 nm shows a purity grade of less than 55% Rh6G, but the
remainder also absorbs at 532 nm and shows fluorescence. Measuring this mixture of
multiple species having slightly different hydrodynamic radii with FCS leads to compound
correlation functions. When evaluating these correlation functions with a model for only
one single species, one observes large fit variation from measurement to measurement.
For a pure sample of Rhodamine 6G (No. R634, Invitrogen, Karlsruhe, Germany), a
diffusion coefficient of D25◦C(Rh6G)= (4.14 ± 0.05) × 10−6 cm2/s was found, exemplary
autocorrelation functions of Rh6G are shown in Fig. 21. HPLC shows a purity grade better
than 95% and therefore the sample can be recommended for calibration. The diffusion
coefficient corresponds to a hydrodynamic radius of 5.89A˚ and is in perfect agreement
with a recently published measurement using plug broadening in capillary flow [154]. It is
important to note that the found value of the diffusion coefficient is by 37% larger than
the usually used value for referencing standard FCS measurements.
Finally, the diffusion coefficient of the dye 2’,7’-difluorofluorescein (Oregon Green® 488)
(No. D6145, Invitrogen, Karlsruhe, Germany) was found to be equal to D25◦C(Oregon
Green® 488)= (4.11 ± 0.06) × 10−6 cm2/s, corresponding to a hydrodynamic radius of
the molecule of 5.95A˚.
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4.3 Dual-Focus Fluorescence Correlation Spectroscopy:
A robust tool to study molecular crowding
4.3.1 Introduction
Transport effects and hindered diffusion are important in many applications including
rheology, colloid and polymer science [116,155], biological and biochemical processes [156,157].
Crowded environments consisting of highly concentrated solutions of macromolecules have
a large impact on reaction rates [158,159], equilibrium constants, or self-assembly of super-
molecular structures [160]. It also induces depletion interactions, causing macromolecules to
segregate according to their size due to the increase in free volume accessible to solutes [161].
Fluorescence Correlation Spectroscopy (FCS) is a powerful tool for investigating the diffu-
sion of fluorescently tagged molecules in crowded environments. So far, many FCS studies
were carried out on protein-protein solutions [162–164], protein-dextrane solutions [163,165] or
other combinations with dextrane [166,167], because molecular crowding is supposed to play
an important role in physiological systems.
Other publications [163,166,168] describe single-focus FCS experiments, which deal with high
concentrations of the crowding agent, resulting in a strong influence (several orders of
magnitude) on the diffusion coefficient, or attempt to study diffusion of polymer chains
with high accuracy [157]. However, if the observed range of concentration is the transition
range from free to hindered diffusion, where the diffusion coefficient of half an order of
magnitude, single-focus FCS reaches its limits.
An important factor for FCS inaccuracy is usually the strong refractive index mismatch
between sample and the immersion medium of the used objective, necessitating extensive
calibration for conventional FCS prior to each measurement.
This becomes time consuming when measuring tracer diffusion in different samples with
varying amount of crowding agent and thus varying refractive index of the sample. Al-
though FCS calibration might be an acceptable way of taking into account these refractive
index changes, it still requires lengthy calibration measurements for each sample concen-
tration.
Even then, it is still difficult to obtain precise absolute values for a diffusion coefficient.
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The main reason is the dependence of the size and shape of the detection volume (de-
scribed by the molecule detection function or MDF) on excitation intensity due to optical
saturation effects, see e.g. Ref. [1,54]. Another reason is that, due to refractive index mis-
match, the MDF becomes increasingly sensitive to the absolute position of the focus above
the coverslide surface [54,55]. Thus, as either intensity (or optical saturation properties of
the used dye) or focus position or both do change between two measurements, they cannot
be compared or calibrated against each other, which makes determining correct absolute
values of diffusion coefficients rather difficult.
In Ref. [1,54], a theoretical estimate of the influence of refractive index mismatch on the
outcome of conventional single-focus FCS experiments is presented. Here, we will study
this topic in much more detail, comparing theoretical and experimental measurements for
both single-focus as well as dual-focus FCS. We present extensive numerical calculations
of the MDF as a function of both refractive index and focus position, and its impact on the
final autocorrelation function (ACF). These results allow us to estimate the systematic
errors introduced in conventional single-focus FCS experiments due to refractive index
mismatch.
As will be shown, the recently developed 2fFCS [1] allows for circumventing these problems.
The core idea of 2fFCS is to introduce an external length scale into the measurement which
is not affected by refractive index related optical aberrations. This is done by creating two
laterally shifted but overlapping foci with well known and fixed distance. By measuring
the ACFs for each focus as well as the cross-correlation function (CCF) between foci, and
performing a global fit of all three curves, it is possible to determine absolute values of a
diffusion coefficient without further calibration or referencing. The resulting accuracy and
reproducibility of determined diffusion coefficients is much superior to conventional single-
focus FCS, making 2fFCS a very useful tool for investigating systems with inherently large
optical aberrations as caused by e.g. refractive index mismatch.
The capability of 2fFCS is exemplary demonstrated by measuring the self-diffusion of
labelled dextrane in a concentrated solutions of 70 kDa dextrane near the transition
from free to hindered diffusion. The measured data are evaluated with a conventional
single-focus FCS model as well as with an extended 2fFCS model. As will be shown,
the accuracy of 2fFCS is much higher than that of single-focus FCS, allowing direct
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measurements without further calibrations. Furthermore, results obtained with 2fFCS
and with conventional dynamic light scattering (DLS) are compared. It is verified that
2fFCS is able to provide values of tracer diffusion in contrast to DLS experiments, which
show collective relaxation of the whole crowding environment.
4.3.2 Investigated materials and simulation basics
4.3.2.1 Materials
The solvent LichroSolv water for chromatography (No. 115333), is purchased from Merck
KGaA (Darmstadt, Germany). FITC Fluorescein-iso-thiocyanate (FITC)-labeled dex-
trane was obtained from Fluka (70 kDa: No. 46945, FITC:Glucose = 1:250). Unlabeled
dextrane 70 kDa No. A1847 was obtained from AppliChem (Darmstadt, Germany).
A stock solution of 3.5×10−7 g/l FITC-dextrane 70 kDa in LichroSolv water was prepared.
Samples containing unlabeled 70 kDa dextranes were prepared by solving dried unlabeled
dextrane powder in stock solution. Reported concentrations of composite solutions are
always cumulative concentrations of labeled and unlabeled dextranes.
4.3.2.2 Calculation of molecule detection function (MDF)
In FCS experiments, a collimated Gaussian excitation laser beam is focused through a high
N.A. microscope objective, and the excited fluorescence is collected by the same objective
(epi-fluorescence setup). Thus, the calculation of the molecule detection function proceeds
in two steps: firstly, the excitation intensity profile is calculated, and secondly, the light
collection efficiency function (CEF) is computed. For fast rotating molecules, where
rotational diffusion is much faster than the fluorescence decay time, or for homogeneously
labeled beads, the MDF is satisfactorily described by the product of the CEF with the
excitation intensity profile.
The fluorescing molecules are assumed to be electric dipole absorbers and emitters. Fol-
lowing the fundamental work of Richards and Wolf [169,170], the excitation intensity dis-
tribution Iex(r) is calculated by expanding the electric field in sample space into a su-
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perposition of plane waves. This plane wave representation is ideally suited to take into
account aberrations introduced by planar layers of different refractive index between the
front lens of the objective and the focal spot, as is the case for example for coverslide
thickness deviations or refractive index mismatch between sample solution and objec-
tive’s immersion medium. The computational details of such calculations are presented
in several publications, see Ref. [51,54,57,58,171–174].
To calculate the CEF which is proportional to the probability distribution to detect a
fluorescence photon from a given position r, one calculates the Poynting energy flux [175]
through the confocal aperture as generated by a molecule at a given position, and aver-
ages this energy flux over all the molecule’s possible orientations. The details for these
calculations can be found in Ref. [54,176–179].
Under ideal, aberration-free conditions, the MDF U(~r) can be perfectly approximated by
a modified Gauss-Lorentz profile as given by [1]
U(~r) =
κ(z)
w2(z)
exp
[
− 2
w2(z)
(x2 + y2)
]
(46)
where x, y, and z are Cartesian coordinates with the z-axis along the optical axis. Func-
tions w(z) and κ(z) are given by
w(z) = w0
√
1 +
( λexz
piw20n
)2
(47)
and
κ(z) = 1− exp
(
− 2a
2
R20 + (λemz/piR0n)
2
)
(48)
where λex and λem are excitation and center emission wavelengths, n is the sample refrac-
tive index, a is the confocal pinhole radius.
4.3.2.3 Single-focus ACF calculation
The calculation of ACF, g(τ), is equivalent to determining the probability to detect a
photon at time t + τ if there had been a photon detection event at time t. As has been
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shown in detail in Ref. [54], the ACF can be calculated from the MDF as
g(τ) = pic
∞∑
m=0
(1 + δm,0) ∫
dρρ
∫
dzUm(ρ, z)Fm(ρ, z, τ)
+
[
2pic
∫
dρρ
∫
dzU0(ρ, z) + Ibg
]2
(49)
where the function Fm is given by
Fm(ρ, z, τ) =
2piimexp(−ρ2/4Dτ)
(4piDτ)3/2
∞∫
0
dρ0ρ0
∞∫
−∞
dz0Um(ρ0, z0)Jm
(
iρρ0
2Dτ
)
exp
[
−ρ
2
0 + (z − z0)2
4Dτ
]
(50)
and the following abbreviations have been used: D is the diffusion coefficient of the
diffusing molecules, c is their concentration, δm,n is Kronecker’s symbol being unity for
m = n and zero otherwise, and Jm denotes Bessel functions of the first kind. The
integrations in the above equations have to be done numerically. Because the MDF falls
off rapidly to zero when moving away from the focus center, the integrations converge
rather quickly to a final value when numerically integrating over larger and larger values
of ρ and z.
In the present contribution, we study the impact of focus position, excitation wavelength,
and size of confocal aperture on an single-focus FCS measurement. Furthermore, we
consider also the influence of instrumental parameters such as objective magnification,
diameter of excitation beam, and focal length of the tube lens. This is done by calculating
the ACF (Eq. 49+50) from the wave-optically calculated MDF as explained above.
The apparent diffusion times were determined by comparing the calculated ACFs at
various refractive indices with the ideal ACF under ideal optical conditions at nD = 1.333
(see also Ref. [55]). This allows to calculate the ratio of diffusion times, τ/τ0, which is equal
to the ratio D/D0 of the diffusion coefficients.
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4.3.3 Results and Discussion
4.3.3.1 Influence of refractive index mismatch on single-focus
FCS
In FCS measurements, a collimated laser beam is focused through an objective with high
numerical aperture (NA=1.2) into the sample solution. Focusing as well as detection
will be optimal (aberration-free) only if the refractive index of the objective’s immersion
medium and that of the sample solution are equal. For water immersion objectives, perfect
focusing and imaging is thus achieved only when measuring in pure water solutions with
a refractive index of nD = 1.333.
In experiments with refractive index mismatch, the apparent diffusion time is influenced
by focus position. In Fig 22, we display iso-surfaces where the MDF has fallen off to 1/e,
1/e2 and 1/e3 from its maximum value at the focus center, for various focus positions
and sample refractive indices. Calculation parameters are λex = 530 nm, λem = 570
nm, confocal aperture diameter 200 µm, 10 mm excitation beam diameter, 180 mm focal
distance of tube lens, and 60× objective magnification.
The indicated position is the nominal focus position under aberration-free conditions, the
additional shift as seen in the figures is caused by the refractive index mismatch. It is
important to note, that the molecule detection function strongly increases in size with
higher refractive indices. For a focus position of 200 µm and nD = 1.450, the MDF has
a length of nearly 20 µm.
The variation of the refractive index between nD = 1.333 and nD = 1.45, covers the
typical range of crowding agent-concentrations and also the refractive index range of FCS
measurements in most organic solvents. The apparent diffusion times are calculated by
computing the time shift between the ACFs for different refractive indices and the ACF
for nD = 1.333. The black line refers to the same parameter set and is presented in each
plot in Fig. 23+24 to compare variations of the presented parameters.
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Fig. 22: Calculation of the molecule detection function for different focus positions (from
left to right) at 50 µm, 100 µm, 150 µm and 200 µm and different refractive indexes (from
top to bottom) at nD = 1.333, nD = 1.350, nD = 1.375 and nD = 1.450. Iso-surfaces are
shown where MDF has fallen off to 1/e, 1/e2 and 1/e3 of its maximum value at the focus
center. All indicated numbers on axis are µm.
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4.3.3.2 Experimental parameters
To calculate apparent diffusion times, displayed as straight black lines in Fig. 23+24,
we consider the following parameter values: focus position = 100 µm, λex = 530 nm,
λem = λex+40 nm, confocal aperture = 50 µm, objective magnification = 60×, excitation
beam diameter = 10 mm and tube lens focal distance = 180 mm.
The focus position in the sample was measured from the sample side of the cover slip
surface, by moving the objective towards the sample by the indicated distance. Please
note that the actual focus position is farther away from the cover slip surface than what
would be expected from the positioning of the objective. The additional displacement,
due to refractive index mismatch, is not obviously visible for the experimenter. Therefore
we indicate the shift of the objective.
The maximum possible distance of the focus from the cover slip surface depends on the
objective magnification and is on the order of 200 µm. Larger objective magnification
decreases this range, therefore 100 µm was selected as the standard parameter for our
calculations.
The excitation wavelength was chosen to be in the middle of the visible spectra, λex = 530
nm and the emission wavelength was set to λem = 570 nm. For conventional single-focus
FCS on a MT200 setup, a confocal aperture with a typical diameter of 50 µm is used as
standard parameter for simulations. In all plots, dashed lines indicate parameter values
larger and dotted lines values smaller that those of the reference indicated by the straight
black line.
In Fig 23 a.), the focus position was varied between 10 µm and 200 µm which is the typical
range for FCS experiments. As can be seen in the plot, this parameter has the strongest
influence on the apparent diffusion times. Unfortunately, this parameter is the value
which is most easily misaligned by the experimenter during sample change. Therefore, it
is strongly recommended to position the sample with an accuracy better than ±1 µm, as
described for example in Ref. [147].
Fig 23 b.) shows the wavelength dependency. We consider a constant Stokes shift of 40
nm between excitation and emission wavelength. The examined range covers the whole
visible range, so that our results are applicable for nearly all fluorescent dyes. The type of
fluorescent dye is typically not changed during a series of experiments, but for optimizing
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Fig. 23: Influence of experimental parameters (a.) focus position in the sample, b.) exci-
tation wave length, c.) size of confocal aperture) due to the refractive index dependency
of the apparent diffusion time. Simulation parameters if not indicated: focus position
= 100 µm, λex = 530 nm, λem = λex + 40 nm, confocal aperture = 50 µm, objective
magnification = 60×, excitation beam diameter = 10 mm and tube lens focal distance
= 180 mm.
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experimental conditions, it is noted that dyes with longer excitation wavelengths lead to
smaller refractive index dependencies of apparent diffusion time.
Fig 23 c.) presents results for the diameter of the confocal aperture varies between 25 µm
and 200 µm. In a number of commercial FCS instruments, the diameter of the confocal
aperture can be tuned by the experimenter. Sometimes this parameter is used to increase
the sensitivity of the instrument, because a bigger aperture allows for the passage of
more photons. We assume that the confocal aperture is not changed during one series
of crowding experiments. In what follows, we consider only the general influence of the
confocal aperture diameter. This parameter has a strong influence on the size and volume
of the confocal detection region. Smaller apertures lead to a smaller detection volume,
which is typically desired in FCS experiments. Remarkably, a smaller confocal aperture
decreases the refractive index dependent effects in the measurements.
4.3.3.3 Instrumental parameters
In this section, we focus on the design parameters of a conventional FCS instruments.
In Fig 24 a.) the influence of different objective magnifications is presented. As can be
seen, the difference between objectives with a magnification larger than 30× has only
minor, because at this magnification one already operates at the diffraction limit. In
general, higher objective magnifications leads to smaller confocal volumes, as usually
desired in confocal experiments, but application of objective magnifications larger than
60× are not leading to better results, due to the diffraction limit.
The influence of the excitation beam diameter is shown in Fig 24 b.), investigated over
a range from 2 mm to 20 mm. Smaller excitation beam diameters lead to imperfect
focusing. As presented in the plot, the diffraction limit is reached for a beam diameter
larger than 12 mm. The excitation beam diameter has a direct influence on the MDF
size. Smaller excitation beam diameters lead to bigger MDF sizes. This parameter is used
to make the experiment less sensitive for deviations caused by refractive index mismatch,
but at the cost of a small detection volume.
The last evaluated parameter is the focal length of the tube lens. Most commercial
systems use setups with a microscope from one of the manufactures Zeiss (focal length
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Fig. 24: Influence of instrumental design parameters (a.) objective magnification, b.)
diameter of excitation beam, c.) focal distance of tube lens) due to the refractive index
dependency of the apparent diffusion time. Simulation parameters if not indicated: focus
position = 100 µm, λex = 530 nm, λem = λex + 40 nm, confocal aperture = 50 µm,
objective magnification = 60×, excitation beam diameter = 10 mm and tube lens focal
distance = 180 mm.
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164.5 mm), Olympus (focal length 180 mm), Leica or Nikon (focal length 200 mm). As
can be seen in Fig 24 c.), the focal distance of the tube lens has nearly no influence on
the artifacts induced by refractive index mismatch. Therefore, this parameter provides
no margin to improve the system performance.
4.3.3.4 Molecular crowding of dextrane in dextrane system
Dextranes are often used as crowding agents as well as tracers to investigate local viscos-
ity in biological systems due to the biocompatibility of these molecules. Typically, the
unlabeled dextrane is used as crowding agent and FITC labeled dextrane as the tracer
molecule. The same size of crowding agent and tracer molecule enables the investigation
of the self-diffusion of the dextranes.
To characterize crowding, the refractive index and the viscosity was studied as shown in
Fig. 25 a.). The refractive index shows a linear behavior over the studied concentration
range, where the refractive index for the highest concentration (c = 56 g/l) was determined
as n25.0
◦C
D = 1.341. The viscosity shows an exponential behavior with a dynamic viscosity
of η25.0◦C = 2.812× 10−3 Pas at a concentration of c = 56 g/l.
To study the self-diffusion in a crowded environment we performed 2fFCS experiments.
We evaluated also the ACF’s with a single-focus FCS data evaluation where we used the
two ACFs form the two foci of the 2fFCS measurements as two simultaneous single-focus
FCS experiments.
4.3.3.5 Single focus FCS evaluation
Single-focus FCS evaluation is prone to a large number of possible artifacts, especially
those induced by refractive index mismatch. In single-focus FCS measurements, the shape
parameter of the MDF and the effective detection volume Veff have to be determined
by calibration measurements. Typically, this calibration is performed at the beginning
of the experiments. For conventional FCS experiments, the length to diameter ratio κ
of the MDF has to be determined by a z-scanning of a point-like fluorescence emitter.
This is normally done with fluorescent latex particles with diameter of approx. 100 nm,
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Fig. 25: Molecular crowing in 70 kDa dextrane/dextrane system. a.) Refractive index and
dynamic viscosity. b.) Single-focus FCS data evaluation with out any further correction.
Diffusion coefficients are referenced against Rhodamine 6G diffusion coefficient 2.80× 106
cm2/s in water at 25.0 ◦C, as used in most publications. c.) Self diffusion coefficient DcL
obtained from single-focus FCS data evaluation, versus dynamic viscosity η of 70 kDa
FITC dextrane/dextrane system.
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immobilized on the surface of a cover glass. As shown in the preceding theoretical section,
this leads to the first problem, because κ depends strongly on the refractive index as shown
in Fig. 22.
Next, Veff has to be determined by measuring a known diffusion standard like Rhodamine
6G and adjusting the value for Veff to fit the calculated diffusion coefficient to that of
the reference. As pointed out in Ref. [180], the diffusion coefficient of Rhodamine 6G is
D25.0
◦C
Rh = 4.14×10−6 cm2/s which differs from the often used value D25.0◦CRh = 2.80×10−6
cm2/s. To be comparable with the “standard procedure” of FCS data evaluation, we used
the “old” value for Rhodamine 6G of D25.0
◦C
Rh = 2.80× 10−6 cm2/s as published in Ref. [8].
To calculate the values of diffusion coefficients, as presented in Fig. 25 b.), the “conven-
tional” diffusion model presented in Ref. [8,9,13,14] for single species diffusion without triplet
state dynamics is used. Each concentration was measured five times with the 2fFCS set-
up, leading to ten ACFs. The indicated error bars are the standard deviations of the ten
ACFs per concentration. As can be seen, the error bars show deviations, that are larger
than those expected from only the presence of a crowded environment. The comparison
between the diffusion coefficient and the viscosity, as presented in Fig. 25 b.), cannot be
further evaluated, because the data do not show any systematic trend, when taking into
account the large error bars.
4.3.3.6 2fFCS evaluation
The same 2fFCS dataset is evaluated with the 2fFCS model. Typical correlation functions
and the fitted model, Eq. 33, are presented in Fig 26 a.). 2fFCS enables to measure from
concentrations close to the limit of infinite dilution (to determine the hydrodynamic radii
(Rh) where intermolecular interaction of molecules can be neglected), up to concentrations
where molecular interaction is observed, namely over a concentration range of eight orders
of magnitude. It is interesting to notice, that the standard deviation, as derived from five
ACF-pairs, is much smaller than that shown in Fig. 25 b.).
At lowest sample concentration (c = 3.5×10−7 g/l), 2fFCS yields diffusion coefficients for
the 70 kDa FITC-dextranes of D25.0◦C = 3.31± 0.21× 10−7 cm2/s corresponding to Rh =
7.4±0.5 nm. This is in good agreement with results observed by Arrio-Dupont [181], where
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Fig. 26: Molecular crowing in 70 kDa dextrane/dextrane system. a.) Typical 2fFCS
measurement of 70 kDa FITC-dextrane, correlation functions evaluated with Eq. 33. b.)
Comparison of 2fFCS and DLS results shows good agreement on low sample concentra-
tions between both methods. c.) Self diffusion coefficient DcL versus dynamic viscosity
η of 70 kDa FITC dextrane/dextrane system. Dotted lines indicates 2fFCS accuracy of
±5%
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FITC dextrane with average molecular weight of 71.2 kDa was investigated by fluorescence
recovery after photo bleaching (FRAP). There, the diffusion coefficient for 71.2 kDa FITC-
dextrane was determined to be D25.0◦C = 3.0 ± 0.2 × 10−7 cm2/s corresponding to a
Rh = 7.15± 0.5 nm.
The overlap concentration is estimated according to Eq. 51
c∗ =
3M
4piR3hNA
(51)
and determined to be (c∗ ≈ 60± 10 g/l). For sample concentrations close to the overlap
concentration c∗, 2fFCS shows a decrease and DLS an increase of the diffusion coefficient.
DLS integrates concentration fluctuations over a large molecule ensemble. The resulting
diffusion coefficient at larger sample concentrations is therefore related to the short-time
collective diffusion coefficient Dcs. Due to the low scattering intensity, it is not possible
to measure the diffusion coefficient of samples with c < 0.35 g/l by means of DLS.
The interaction between dextrane molecules becomes more pronounced with increasing
concentration, leading to an increase of the collective diffusion coefficient Dcs, and a slow-
down of tracer diffusion DcL as measured by 2fFCS.
In Fig 26 c.), the evaluation of the self diffusion coefficient DcL versus dynamic viscosity
η is presented. For a double logarithmic scaling, the relation between DcL and η is linear.
As expected from Eq. 12, the data agree well with a linear relationship of slope = −1.
In recent publications, Verkman et. al. has demonstrated that a system does not show
anomalous diffusion behavior if crowding agent and tracer have similar size [166,182]. Verk-
man studied various systems, containing labeled dextranes, DNA, albumin and nanospheres
as tracer, and Ficoll 70, glycerol, albumin, and dextranes as crowding agents. Our data
also reveal that crowding slows down the diffusion of solutes in aqueous phase compart-
ments without leading to anomalous diffusion. The diffusion of the tracer depends only
on the macroscopic viscosity, without any anomalous diffusion contribution.
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4.4 Dual-Focus Fluorescence Correlation Spectroscopy
in Colloidal Solution: Influence of Particle Size
4.4.1 Introduction
Standard ensemble methods like DLS, pfNMR and Ultracentrifugation measure diffusion
coefficients with an accuracy better than a few percent. However, they need either large
particle size and/or large concentrations for yielding sufficient signal intensity to make
diffusion measurements feasible. In contrast, FCS determines diffusion coefficients at
pico- to nanomolar concentrations by measuring fluorescence fluctuations in a very small
detection volume. The quantitative outcome of an FCS measurement depends on many
particularities of the optical setup and the photophysics of the used fluorophores, making
precise measurements rather difficult. Moreover, standard FCS lacks an external length
scale, which makes referencing of each measurement against a standard of known diffusion
necessary.
2fFCS [1], was introduced, allowing absolute and precise diffusion measurements, without
suffering from the pitfalls of standard FCS. However, until now the method was only
applied to small molecules which were considered point like with respect to the size of the
detection region, which simplifies the analysis significantly.
Employing 2fFCS on diffusion measurements of extended objects with complex fluo-
rophore distribution, their size and fluorophore distribution in comparison with the size of
detection volume has to be taken into account. Because 2fFCS is a very precise method,
fitting correlation curves that were measured on extended objects but using the assump-
tion of point like particles lead to an unsatisfactory fit quality. For measuring extended
objects with single focus FCS, Starchev et.al. [97] proposed the idea of increasing the ef-
fective detection volume with object size. For the precision of 2fFCS, this model is not
able to describe sufficiently the obtained autocorrelation function (ACF).
Here, the modify data analysis of 2fFCS takes into account the finite size of diffusing
particles, allowing an arbitrary but spherically symmetric fluorophore distribution within
the particle. The resulting modification is applied to analyzing 2fFCS on dye doped latex
particles with different internal fluorophore distribution. It is shown that the method
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yields results for particle size with nanometer accuracy. Thus, 2fFCS may be an important
complimentary measurement technique for studies in colloid and polymer science [98–105]
or for studying molecular aggregation.
4.4.2 Materials
TetraSpeck Fluorescent Microsphere Standards (0.1 µm T7279 (TS 100), 0.2 µm T7280
(TS 200), 0.5 µm T7281 (TS 500) and 1.0 µm T7282 (TS 1000)) were purchased from
Invitrogen (Karlsruhe, Germany). As standard solvent, LichroSolv water for chromatogra-
phy (No. 115333) was purchased from Merck (Darmstadt, Germany). TS latex particles
consist, by specification of manufacturer, of continuously fluorescent labelled spherical
beads. The beads contain a mixture of four fluorescent dyes with well separated excita-
tion/emission peaks (365/430 nm, 505/515 nm, 560/580 nm, and 660/680 nm).
4.4.3 Results and Discussion
For experimentally checking the applicability of the modified data analysis, DLS and
2fFCS measurements on uniformly labelled latex beads were performed. The used TS
latex beads are available with various diameters and serve as ideal model systems of
uniformly labelled spherical particles. DLS measurements were performed on a standard
ALV 5000 system, equipped with an excitation laser with 633 nm wavelength. Scattering
intensities were detected at scattering angles of 60°, 90° and 120°. Rh of the particles
was calculated with a second-order cumulant fit employing the standard Stokes-Einstein
relation,
Rh =
kBT
6piη D
(52)
where kB is Boltzmann’s constant, T the absolute temperature, η the solvent’s dynamic
viscosity, and D the diffusion coefficient. The determined values of Rh are compared with
the manufacturer’s specifications in Table 3.
DLS and 2fFCS measurements were carried out at the same sample concentrations. Typ-
ical measurements and fit results of TS 100 and TS 500 are exemplarily shown in Fig. 5.
Fitting was performed using the modified model as described in the theory section, as-
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Fig. 27: Comparison of DLS with 2fFCS for uniformly labelled latex beads. For 2fFCS,
standard model and extended model were used for data analysis. Deviations of standard
model from extended model results become significant for particle radius greater than
200 nm.
Sample code Specified Rh / [nm] DLS Rh / [nm]
TS 100 50 ± 3 55.6 ± 0.6
TS 200 105 ± 11 101.5 ± 0.7
TS 500 250 ± 10 255.6 ± 2.3
TS 1000 500 ± 16 488.9 ± 5.5
Table 3: Hydrodynamic radius (Rh) of latex particles: specified radius from manufacturer
compared with determined radius from DLS experiments.
suming a uniform labelling of particles. The effect of decreasing amplitude ration of ACF
to CCF, which is expected from the model, is more pronounced the larger the particles
are and in good agreement with measured data.
A comparison between the results of DLS and 2fFCS is shown in Fig. 27, also show-
ing the result of 2fFCS data analysis which assumes centre labelling of particles (i.e.
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point like particles). As can be seen, the correspondence between DLS and extended
model 2fFCS is excellent. Also, a clear difference between 2fFCS models assuming centre
and extended labelling is shown. The deviation between standard model and extended
model becomes significant for particle radius values above 200 nm. In this case, ra-
dius values obtained with the standard model are distinctly larger than those obtained
from DLS and extended model 2fFCS. Recently, FCS has been applied to study colloidal
systems [105,116,119–121,155,168,183,184] where the aspect of fluorophor distribution inside the
particle becomes relevant when the particle size increase. As single dye labelling on ex-
tended objects is rather difficult to achieve. The models for different label geometries
proposed in this thesis, provide a mean to extend the applicability of FCS and 2fFCS in
colloid and polymer science.
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4.5 Calibrating Differential Interference Contrast mi-
croscopy with dual-focus Fluorescence Correla-
tion Spectroscopy
4.5.1 Introduction
Differential interference contrast microscopy (DIC) is an optical microscopy illumination
technique used to visualize refractive index variations across an unstained, transparent
sample [185,186]. DIC was invented in the early 1950’s by Georges Nomarski [187–189] and
works by separating a polarized light source into two beams which take slightly different
paths through the sample. Where the length of each optical path differs, the beams
interfere after recombination. This produces an image that shows variations in optical
density of the sample.
The core element of a DIC setup is the Nomarski prism, which is a modification of a
Wollaston prism. Like the Wollaston prism, the Nomarski prism consists of two optical
quartz or calcite wedges cemented together at the hypotenuse. One of the wedges is
identical to a conventional Wollaston quartz wedge and has the optical axis oriented
parallel to the surface of the prism. The second wedge of the prism is modified by cutting
the quartz crystal in such a manner that the optical axis is oriented obliquely with respect
to the flat surface of the prism. The Nomarski modification causes the light rays to come
to a focal point outside the body of the prism, and thus allows greater flexibility when
setting up the microscope.
To evaluate DIC images several theoretical models were proposed in the last 25 years [59,190–193].
All theoretical approaches need to know the shear distance of the prism, i.e. the distance
between the two light beams within the sample as generated by placing the DIC prism
into the optical excitation path of a microscope.
The recent application of a DIC prism is 2fFCS. Standard Fluorescence Correlation Spec-
troscopy (FCS) was originally invented by Magde, Elson and Webb in the early 1970’s
for measuring diffusion coefficients of fluorescent molecules [7]. The core idea of FCS is
to detect fluorescence fluctuations within a very small detection volume of approx. one
femtoliter and to calculate the second order correlation function (autocorrelation func-
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tion, or ACF). On a millisecond time scale, fluctuations are usually dominated by the
diffusion of fluorescent molecules in and out of the detection volume. The resulting de-
cay of the ACF is directly related to diffusion coefficients of molecules. However, for a
precise quantitative extraction of a diffusion coefficient form a measured ACF, one needs
the exact shape of the so called Molecule Detection Function (MDF), which describes
the position dependent efficiency to excite and detect a fluorescence photon from a single
molecule. Unfortunately, this knowledge is unavailable in FCS, which usually employs
on a standard confocal epi-fluorescence microscope [50,54]. 2fFCS alleviates this problem
by introducing an external length scale via the generation of two laterally shifted but
overlapping detection volumes with the help of a DIC prism [1].
In 2fFCS, the obtained diffusion coefficients are highly sensitive to the shear distance of
the Nomarski prism. This sensitivity is used to quantify the distance between the two
propagating light beams within sample space as generated by the DIC prism. The core
idea is to (i) measure with DLS the hydrodynamic size of commercially available fluores-
cently labelled and monodisperse spherical colloidal latex particles, and (ii) to measure
with 2fFCS the diffusion coefficient of these particles. By comparing Rh obtained with
both methods, the distance between the detection volumes in the 2fFCS measurement
setup, and thus the shear distance of the DIC prism, is directly determined.
4.5.2 Materials
TetraSpeck 100 (TS 100) multi fluorescent latex beads with a specified diameter of approx.
100 nm were purchased from Invitrogen (Karlsruhe, Germany) and used without any
further purification in the DLS and 2fFCS experiments. TetraSpeck latex particles consist,
by specification of manufacturer, of continuously fluorescent labelled spherical beads. The
labels comprise a mixture of four fluorescent dyes with well separated excitation/emission
peaks (365/430 nm), (505/515 nm), (560/580 nm) and (660/680 nm). The excitation
peak width allows proper excitation with laser sources of 470, 532 and 632 nm. For DLS,
samples are diluted by a factor of 10 with LiChrosolv water (No. 115333), purchased from
Merck KGaA (Darmstadt, Germany), to prevent multiple scattering. For single molecule
experiments Atto655 as carboxylic acid derivate (AD 655-2) is obtained from ATTO-TEC
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GmbH (Siegen, Germany).
4.5.3 Results and Discussion
First the the hydrodynamic size of fluorescently labelled TetraSpeck 100 latex beads at
298.15 ± 0.1 K was measured with DLs using a detection angle of 90◦. A typical set of
measured ACFs and CCF is presented in the inset of Fig. 28. For each wavelength, mea-
surements were repeated over fifty times to obtain a sufficiently small standard deviation.
A semi logarithmic plot of the data is shown in the main panel of Fig. 28, together with a
2nd-order cumulant fit. The good fit quality proves the good monodispersity of the bead
sample. Rh of the beads was determined to be 55.6 ± 0.6 nm.
In a second step, 2fFCS measurements were performed at three excitation wavelengths
of λex = 470 nm, λex = 532 nm, and λex = 637 nm, respectively. Due to the high label
density of the beads, total excitation power was reduced to less than 0.1 µW within each
detection volume. During each measurement, fluorescence was collected for 5 minutes and
each measurement was repeated more than eighty times per excitation wavelength. A few
correlation functions had to be discarded due to distortions generated by the transit of
large bead clusters through the detection volume. A typical measurement result is shown
in the inset of Fig. 29.
To obtain the distance between the overlapping detection volumes each set of ACFs and
CCF was globally fitted by the model function of Eq.33 to obtain a value of the diffusion
coefficient D and thus Rh, assuming that the distance δ between the detection volumes
had a certain value between 360 and 416 nm. The obtained Rh as a function of assumed
distance δ is shown in Fig. 29. The intersection of this curve, with a horizontal line at
the actual value of the hydrodynamic radius as obtained from the DLS measurements,
gives the actual distance between the detection volumes, and thus the shear distance of
the DIC prism.
Table 4 lists the obtained values of the shear distance for the three different excitation
wavelengths. Standard deviation of the 2fFCS measurements is better than 3 %, or ± 1.5
nm, as indicated by the error bars in the main panel of Fig. 29.
The observed wavelength dependence of the shear distance is remarkably large and mostly
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Fig. 28: Main picture: DLS at 90◦ of mono disperse TetraSpeck 100 latex particles, fitted
with 2nd-order cumulant fit. Inset: standard plot of ACF.
Fig. 29: Main picture: Wavelength dependent determination of Nomarski DIC prism
sheer distance, by comparison of DLS and 2fFCS measurements, obtained from enhanced
model for multi labeled particles. Inset: 2fFCS measurement of TetraSpeck 100 latex
particles. Autocorrelation (ACF) and crosscorrelation (CCF) functions, fitted with 2fFCS
model.
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Table 4: Wavelength dependent sheer distances obtained from comparison of DLS and
2fFCS experiments.
Excitation Wavelength (λex) Sheer distance
/ nm / nm
470 370
532 389
637 395
due to chromatic aberration effects of the objective. When considering the wavelength
dispersion of ordinary and extraordinary refraction of quartz (or calcite, which may be
also used in DIC prisms), one does not expect such a strong wavelength dependence of the
shear distance. This result emphasizes how important it is to measure the shear distance
of DIC prisms as function of wavelength, if one is interested in precise evaluations of
experiments involving such an optical element.
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4.6 Direct Evidence of Layer-by-Layer Assembly of
Polyelectrolyte Multilayers on Soft and Porous
Temperature-Sensitive PNiPAM Microgel Using
Fluorescence Correlation Spectroscopy
4.6.1 Introduction
The Layer-by-Layer (LbL) assembly [194,195], is a versatile way for fabricating thin films on
substrates of virtually any shape and size. [99,196–203] Many studies have been done on LbL
assembly on rigid and planar substrates to study the physico-chemical [204–206] aspects of
film formation as influenced by various parameters. [204–212] Electrostatic interactions as
well as secondary (non electrostatic) or cooperative interactions such as hydrogen bond-
ing and hydrophobic interactions [213–217] have been shown to play a role in polyelectrolyte
multilayers (PEM) formation. The polyelectrolyte conformation, its adsorbed layer struc-
ture, and the degree of charge reversal upon adsorption determine ultimately the film
formation behavior and the structure of the resulting multilayer films. On hard and rigid
planar substrates PEM have been shown to be interdigitated [218,219] but with nevertheless
distinct regions [220,221] within the film assembly.
The LbL technique was then extended to solid and hard particles, substituting planar
substrates with colloids as precursors to hollow capsules. Sukhorukov et al. [99,196] and
Caruso et al. [197,198] undertook intensive studies on the LbL assembly of PEM on sacrificial
core particles, which were then dissolved to leave well defined hollow capsules. The size
of the hollow capsules was determined by the template diameter while the capsule wall
thickness was controlled by the number of layers deposited on the particles. Recently,
Caruso et al. [199,200] showed the possibility of LbL assembly of PEM onto rigid but porous
templates. Caruso exploited the electrostatic interactions between charged polymers and
mesoporous silicas to sequentially infiltrate and coat the inside of the pores. Evidence of
successive deposition was obtained by Fourier transform infrared experiments.
Our group [98,99,201] recently reported the LbL assembly of PEM (and magnetic nanopar-
ticles) [203] on soft and porous templates as provided by the network of microgels. It is
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clear that we are in a situation where the adsorbed polyelectrolytes can not only inter-
digitate with each other but also with the template. The extent of interdigitation of
adsorbed polyelectrolytes and the template depends not only on the molecular weight
of the polyelectrolyte (low molecular weight polyelectrolytes could interpenetrate easier
the template) but also on the mesh size of the microgel network. NMR and small an-
gle neutron scattering studies demonstrated that the segment density inside the microgel
particles is not homogeneous in the swollen state and the crosslink density decays at the
microgel surface. [222,223] Unlike polystyrene latexes, PNiPAM microgels still contain wa-
ter in the collapsed state, making it not only more hydrophilic than polystyrene latex,
but also a more complex system than the latter with respect to the distribution charges
that are introduced via the initiator. As a consequence the microgels in the swollen state
are characterized by a fuzzy surface and a distribution of charges. We showed that this
internal structure of the microgel (core or core-shell) and the location of charges within
the microgel are vital parameters that influence not only the LbL adsorption of PEM but
also the overall thermoresponsive behavior of the coated microgels. [201,202]
While charge reversal as revealed by zeta potentials is the sine qua non of successful
LbL assembly of PEM on hard and rigid templates, it is no longer the case for soft and
porous templates. The argument, which could however equally apply to the former case,
is that the layer being deposited could strip off the oppositely charged layer previously
adsorbed on the microgel via complex formation. Whereas LbL deposition on hard and
rigid templates is characterized by a measurable (linear or exponential) growth in the film
thickness, LbL on soft and porous building blocks is often accompanied by interdigitation
of the layers with the template. Thus in some cases, the coated microgel collapses due
to strong attraction between the microgel and the polyelectrolyte, [201,202] making it very
difficult to measure any detectable increment in film thickness.
To address this problem fluorescently labeled polyelectrolytes at various stages of the
build-up of PEM on the microgels were used. Common fluorescent techniques have in-
volved the use of fluorescent probes (spectra or lifetime) or fluorescence resonance energy
transfer, FRET. [224,225] Due to the size of the microgels used (diameter about 400 nm),
it is not possible to distinguish between polyelectrolytes deposited on or in the microgel
and due to the limited resolution of confocal laser scanning microscopy (in the µm range)
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one has to rely on other techniques. In order to prove that the layers are still anchored to
the microgel after each deposition step we employed FCS [7,9,27,226] is employed. It exploits
the concept that fluorescent molecules diffuse in and out of a confocal volume and cause
detectable fluctuation of fluorescence intensities which can be directly correlated with the
fluctuation of the number of fluorescent species in the volume. The normalized fluctua-
tion correlation function, Gij(τ), yields information about the dynamics of the fluorescent
probes in which they are dispersed or anchored.
Gij(τ) =
< δFi(t)δFj(t+ τ) >
< Fi >< Fj >
(53)
where τ is the lag time, and δF (t) is the fluorescence fluctuations. For i = j, Eq. 53
describes the autocorrelation of a single fluorescence signal. If fluctuations of two different
signals (i 6= j) from two different chromophores are measured and to be compared Gij(τ)
defines the cross-correlation function. [93,227,228]
Herein a novel concept combining time correlated single photon counting [89,229] (TCSPC)
and pulsed interleaved excitation [230] (PIE) of two wavelengths is presented to show
that LbL is possible on soft and porous templates. The approach relies on the cross-
correlation [93,227,228] between two differently labeled polyelectrolytes assembled at definite
location within the multilayer on a thermoresponsive microgel, poly(N-isopropylacrylamide)
(PNiPAM). [111,125,126,231] Such an approach is particularly powerful because (i) of simul-
taneous accessibility of an internal reference provided by two differently labeled polyelec-
trolytes and (ii) of its unique and direct way to monitor LbL assembly on templates below
the µm range.
4.6.2 Experimental Section
PNiPAM core particles (MG) were synthesized by dispersion polymerisation. [111,126] They
display a VPTT in aqueous solution at 32 °C. Rh was found to be around 200 nm in the
swollen state and 70 nm in the collapsed state, as determined by dynamic light scattering
(DLS) from highly diluted samples.
The configuration of interest concerns the deposition of two differently labeled polyelec-
trolytes with a Rhodamine B-labeled poly(diallyldimethylammonium chloride) (PDADMACRh)
(MW = 500 kg/mol) as the first layer and a fluorescein isothiocyanate (FITC)-labeled
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poly(L)lysine (PLLFITC) (Sigma-Aldrich, MW = 32.6 kg/mol) as the third layer. The ra-
tional behind this configuration being that provided no layer is being stripped off during
the deposition step, both fluorescence intensities should be detected during FCS measure-
ment. Briefly, the LbL assembly of polyelectrolyte was done by slowly adding an aqueous
solution of the microgel to an excess of PDADMACRh under constant stirring for 2 h.
The excess polyelectrolyte was removed by ultracentrifugation at 50 000 rpm for 20 min
at 20 °C. The coated microgel was then redispersed in water, washed three times, before
adsorption of the next layer, which is a polyanion, poly(styrenesulfonate) (PSS) (MW =
70 kg/mol). After ultracentrifugation, three times washing, and redispersion in water,
finally the last layer of PLLFITC is adsorbed.
The zeta (ζ−) potential and the electrophoretic mobility (µ) of the particles were mea-
sured using a Zetasizer 3000HS (Malvern, UK) at 25 °C to follow the charge reversal at
each deposition step. DLS was used to monitor the formation and growth of PEM on the
microgel by measuring the size of the latter as a function of temperature. Temperature
was varied from 20 to 40 °C, in steps of 2 °C, in both directions, so that one complete
cycle consists of a heating curve followed by a cooling curve. The FCS being the focus
and novelty of this work will be explained in more details in the next section.
4.6.3 Results and Discussion
Fig. 30 shows the thermoresponsive behavior of the microgel with various layers of coating
as a function of temperature. Upon adsorption of the first layer (PDADMACRh) there
is a very slight increase in the Rh of the coated microgel, which is more noticeable at
temperatures above the VPTT (in the collapsed state). The electrostatic interaction
between the negative charges of the microgel and the positive charges of PDADMACRh
prevents the complete collapse of the microgel. Note that swelling and de-swelling is
preserved and completely reversible even in the presence of PEM. Upon addition of PSS,
the only noticeable effect is in the collapsed state where now the 2-layer coated microgel
can collapse more than the 1-layer coated microgel and some hysteresis is observed on
cooling. [202] The addition of PLLFITC causes a slight decrease in size in the swollen state
but results in a collapsed state almost identical to the uncoated microgel. This could
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Fig. 30: Thermoresponsive behavior of PNiPAM during LbL assembly.
Fig. 31: ζ-potential and electrophoretic mobility as a function of the number of layers of
polyelectrolytes.
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mislead one to believe, on the basis of the Rh that the layers are completely stripped off
the microgel.
However, electrophoretic studies show successful charge reversal. Fig. 31 shows the ζ-
potential values and the electrophoretic mobilities of the coated PNiPAM as a function of
the number of layers. The negative ζ-potential (- 15 mV) of the uncoated microgel is con-
sistent with a negatively charged surface. The presence of PDADMACRh causes a reversal
in ζ-potential to + 40 mV. Subsequent addition of PSS (- 30 mV) and PLLFITC (almost
neutral) results in alternating ζ-potentials. Since the conformation of the polyelectrolyte
on the surface may alter the magnitude of the ζ-potential, [232] no quantitative conclusions
are drawn from the ζ-potential data. In literature, the ζ-potential of PDADMAC/PSS
system on rigid particles alternates between + 40 and - 40 mV upon addition of every
PDADMAC and PSS layer, respectively. For assembly on soft and porous templates,
deposition of a PDADMAC layer with different molar masses yields a ζ-potential in the
range of + 20 to + 60 mV. [202,232] The nature of the soft and porous template dictates
whether there is (i) complete or partial coverage of the surface, [98] (ii) penetration of the
polyelectrolyte in the interior of the support or not, and (iii) secondary cooperative inter-
actions coming into play during the LbL. It is extremely difficult to quantify the amount
of polyelectrolytes adsorbed on the microgel. [232] To date, even LbL assembly on well
established and long studied system such as hard colloidal spheres is only monitored by
ζ-potential, which is only indicative of the charge reversal at each deposition step but is
by no means a proof in itself that build up of layers is achieved. Previous extensive studies
on hard and rigid planar substrates allow one to relate quantitatively an increase in the
mass of polyelectrolytes adsorbed (as followed by quartz crystal microbalance (QCM)) to
the film growth (thickness as followed by ellipsometer). Single particle light scattering
(SPLS) has also been employed.
It is only generally accepted that these systems of commonly studied polyelectrolytes de-
posit on colloidal particles in the same way as they do on rigid and planar substrates. Only
recently Caruso et al. [233] attempted to quantify the amount of polyelectrolytes adsorbed
on rigid particles of micrometer size range using a combination of three different techniques
(confocal laser scanning microscopy (CSLM), flow cytometry and differential interference
contrast (DIC) microscopy). The studied microgels are soft and porous usually with a
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Fig. 32: Fluorescence lifetime with time-gate for dual-color excitation.
maximum size of 400 nm. It is not possible to access information about the uniformity
of the film coverage on the microgel - however, there are hints from zeta-potential study
that coverage might be partial. [232] Caruso et al. [233] used a “linear relationship”’ between
fluorescence (from colloidal system) and mass change (on planar substrate), once CLSM
has assessed the homogeneity of the film, to have an estimate of the amount of layers
adsorbed on the colloidal particles. The same methodology would be extremely difficult
and limiting to apply on the herin presented system.
To ascertain that the layers are present in/on the PNiPAM microgel, FCS experiments
were done on the 2fFCS setup described before. All samples were alternately excited
with two picoseconds diode lasers at 470 nm and 532 nm (LDH-P-C-470B and PicoTA
530N respectively, PicoQuant GmbH, Berlin, Germany) for 25 ns each, as shown in Fig.
32, and the complete 50 ns cycle was repeated over several hours to get good statistics
over the emitted fluorescent counts. Each photon contains information regarding its
arrival time and its own detection channel. [230] Emissions from FITC- and Rhodamine
B-tagged samples were separated using bandpass filters (FITC: HQ505/30m; Rhodamine
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B: HQ570/80m, both from Chroma technology Corp., Brattleboro, Vermont, USA). All
samples were measured at 23°C in aqueous solutions, the repetition frequency was set to
40 MHz for each laser and the 470 nm pulse was electronically delayed with respect to
the lifetime decay of Rhodamine B to generate pulses with alternating wavelengths, as
illustrated in Fig. 32.
The confocal volume parameters were checked using 100 nm diameter fluorescent beads
(TetraSpec, Molecular Probes, Eugene, Oregon, USA) on a clean cover slip; the z0/w0 =
κ0 was found to be 3.94 ± 0.25, and the confocal volume was fitted to 1.05 ± 0.05 fL
by measuring Rhodamine 6G (c = 10−9 mol/L) standard at 532 nm (D = 2.80 x 10-6
cm2/s) [230] with respect to the obtained κ0. To select PLL
FITC or PDADMACRh photons
the recorded TTTR data pass a filter: this involves a time gated selection of photons,
which is related to the excitation pulse. From the selected photons the autocorrelation
function was computed.
All Rhodamine B-tagged samples show the typical behavior of the pure diffusion of a single
species Eq. 54. Depending on the experimental conditions, all FITC-tagged samples are
excited to the triplet state Eq. 55.
G(τ) =
n∑
i=1
ρi
(
1 +
τ
τi
)−1(
1 +
τ
τiκ2
)−1/2
(54)
G(τ) =
[
1− T + Te
(
− τ
τT
)] n∑
i=1
ρi
(
1 +
τ
τi
)−1(
1 +
τ
τiκ2
)−1/2
(55)
ρ and τ are the contribution and the diffusion time of the species respectively, κ, the
length-to-diameter ratio of the focal volume, T , the triplet fraction of molecules, and τT ,
the lifetime of the triplet state.
Fig. 33 (top) shows the comparison between normalized (by the number of particles
< N >) correlation functions from single and cross-correlated experiments. In single cor-
related experiments, only photons from a specific labeled-polyelectrolyte are considered.
When MG/PDADMACRh/PSS/PLLFITC is excited by the 470 nm laser, only photons
emitted by PLLFITC are collected in the “blue”’ channel, and the autocorrelation yields
the blue curve (Fig. 33 (top)). Similarly, when MG/PDADMACRh/PSS/PLLFITC is
excited by the 532 nm laser, only photons emitted by PDADMACRh are collected in the
“green”’ channel, and the autocorrelation yields the green curve (figure 33 (top)). In-
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Fig. 33: Top: Comparison of auto- and cross-correlation functions. Bottom: Confocal
fluorescence imaging of the dried coated PNiPAM: fluorescence intensity image and spatial
distribution image when excited at λmax = 470 nm (left) and λmax = 532 nm (right).
The fluorescence signals in both images clearly come from the same particles, indicating
unambiguously that two differently labeled polyelectrolytes are anchored on the same
PNiPAM microgel.
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terestingly, these curves are very similar and reveal diffusion times of the same order of
magnitude, strongly suggesting that both labeled polyelectrolytes are anchored on the
same species and are moving together. When measuring the autocorrelation functions of
the labeled polyelectrolytes in solution without microgels, clearly the free polyelectrolytes
have a shorter diffusion time than the “bound”’ ones, which are anchored on PNiPAM
microgels.
To support the argument, cross correlation was carried out to verify any dependencies
between the two labeled polyelectrolytes. The red curve in Fig. 33 (top) is identical to
those obtained from the single correlated experiments, and with exactly the same Rh.
This confirms the anchoring of both labeled polyelectrolytes to the microgel. Should the
species be moving independently, the cross correlation curve would have shown only a
baseline. Therefore both polyelectrolyte layers are fixed to the same microgel.
The time information obtained from the TTTR mode enables one to reconstruct fluores-
cence lifetime decay constants of each pixel by Fluorescence Lifetime Imaging (FLIM) [229]
and to analyze the fluorescence lifetime of any single spot of interest. Images of the
dried MG/PDADMACRh/PSS/PLLFITC acquired with the FLIM technique are shown
in Fig. 33 (bottom). Usually in a FLIM image the colors are related to the lifetime
and the brightness to the intensity. In this case, the colors are related to the excitation
wavelengths for visual ease, and the intensities are selected by the time gate filter and
detecting channel. The fluorescence originates therefore from exactly the same species,
proving again that both PDADMACRh and PLLFITC are anchored to the same microgel.
From Fig. 33 (bottom) one can see the polydispersity of the sample. A few big particles
are responsible for the “spike”’ observed in Fig. 33 (top). Again it must be emphasized
that FCS is not an ensemble averaged, but rather a single molecule based technique.
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4.7 A Quantitative Study of LbL Films on Submi-
crometer size Thermoresponsive Microgels Using
Temperature-controlled 2fFCS
4.7.1 Introduction
Creating thin films of almost any shape and size is an interesting aspect [99,196–203] of the
Layer-by-Layer (LbL) technique [194,195]. So far, many investigations on LbL assembly on
rigid and planar substrates have been done to study the physico-chemical [204–206] aspects
of film formation as influenced by various parameters. [204–212] It is known that electro-
static interactions and non electrostatic or cooperative interactions (hydrogen bonding,
hydrophobic interactions) [213–217] play a role in polyelectrolyte multilayer (PEM) forma-
tion. LbL deposition on hard and rigid templates is quite easily characterized by a measur-
able (linear or exponential) growth in film thickness. In contrast LbL on soft and porous
building blocks is often accompanied by interdigitation of the layers with the template.
Thus, it gets very difficult to measure any detectable increment in film thickness, because
in some cases, the coated microgel collapses due to strong attraction between microgel
and polyelectrolyte. [201,202]
One of the most significant challenges with substrates of such dimensions resides in the fact
that they are deformable and penetrable to the adsorbed polyelectrolyte. For such reasons,
charge reversal alone is not sine quanon of successful polyelectrolyte assembly since the
adsorbing layer could be argued to be stripping off the underlying layer onto which it is
being deposited. With dual color cross correlation Pulsed Interleaved Exitation (PIE)-
FCS direct proof was provided that polyelectrolyte molecules (PEM) could be achieved on
a thermoresponsive PNiPAM microgel. It was possible to discriminate between specific
association of the fluorescent signals with the microgel and labeled polyelectrolytes not
related to the microgel below the µm scale [105].
This study extends this concept to overcome the challenge of complexes formed by the
labelled polyelectrolytes having the same diffusion coefficient as the microgel by having
one fluorescent species tagged to the microgel and the other one to the polyelectrolyte
itself. By using the extended theoretical model which takes into account size and labeling
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effects in 2fFCS data analysis, it is possible to overcome the impact of non-negligible
particle size with different fluorescent labeling, which could not be neglected in FCS and
2fFCS measurements until now. Thus, the extended concept enables a quantitative data
evaluation and comparison with DLS data.
The feasibility of Layer-by-Layer (LbL) assembly of labeled polyelectrolyte multilayers
on soft and porous thermo-responsive microgels in the sub-micrometer size range was
previously qualitatively demonstrated. The multilayer-system based on PNiPAM core
particles [111,126] and two differently labeled polyelectrolytes with a Rhodamine B-labeled
poly(diallyldimethylammonium chloride) (PDADMACRh) as the first layer and a fluores-
cein isothiocyanate (FITC)-labeled poly(L)lysine (PLLFITC) as the third layer.
A collective movement of the assembled polyelectrolytes was demonstrated by combining
time correlated single photon counting [89,229] (TCSPC) and pulsed interleaved excita-
tion [230] (PIE) of two wavelengths. The approach relies on the cross-correlation [93,227,228]
between two differently labeled polyelectrolytes assembled at definite location within the
multilayer on the microgel, poly(N-isopropylacrylamide) (PNiPAM). [111,125,126,231] This ap-
proach is powerful because (i) an internal reference provided by both labeled polyelec-
trolytes is simultaneously accessible and (ii) of its unique and direct way to monitor
LbL assembly on templates below the µm range. Performed zeta-potential measurements
proved that charge reversal of the microgels surface was achieved by adding another differ-
ently charged PE layer (odd-even-effect). Influence of surface charge and charge reversal
on Rh were investigated and finally it was demonstrated that adding of a new outer PE
layer did not strip of the underlying one. Still, the evidence of a direct link between
microgel and PE is missing.
The following system was chosen to address the key issues concerning the quantita-
tive proof of successful LbL assembly: two labeled polyelectrolytes such as polystyre-
nesulfonate (PSS) and FITC-labeled poly(L-lysine) (PLLFITC) onto a labelled microgel,
poly(N-isopropylacrylamide-co-methacrylic acid-co-rhodamine) denoted MGRh hereafter.
It has to mentioned that the layers are always PLL-terminated, especially the outer one.
MGRh is a stimuli-responsive 3D soft and porous polymeric network [234] wherein the
NiPAM lends thermosensitivity to the system, the methacrylic acid allows for pH ad-
justability (charge and different swelling behaviour) and the rhodamine brings about the
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fluorescent moiety. Hence, the direct collective diffusion of the microgel and its top-layer
are measurable with 2fFCS the discussed system can be completely characterized.
At this point the influence of temperature on MGRh is investigated, because it is important
to know what happens to PE’s at the volume phase transition temperature (VPTT), where
heating means shrinking of the microgel and cooling means swelling. During heating cycles
no PE-release is observed, which is demonstrated by FCS, because ACF’s and CCF’s show
no extra decay, which could be correlated to free PE.
4.7.2 Investigated materials
Fluorescently labelled poly(N-isopropylacrylamide-co-methacrylic acid-co-rhodamine) core
particles (MGRh) were synthesized by dispersion polymerization following standard pro-
tocols as published in Ref. [111,111,124,126]. Fluorescent dyes are introduced during poly-
merization, using a mixture of unlabelled and labelled monomers. Labelled monomers
(methacryloxyethyl-thio-carbamoyl-rhodamine B, No. 23591) were purchased from Poly-
sciences (400 Valley Road, Warrington, PA). As standard solvent LiChrosolv water for
chromatography (No. 115333, Merck KGaA, Darmstadt, Germany) was used.
Two stock solutions of PLL and PSS in buffer (pH= 7.4) were prepared. In the assembly
process, MGRh/(PLL/PSS)n multilayers were prepared in buffer (25mM TRIS, 10mM
MES, 0.15M NaCl). After each PE-assembly step, the samples were purified three times
by ultracentrifugation. The pH was measured after the cleaning process and determined
to be in the range of pH = 7.23 - 7.60.
4.7.3 Results and Discussion
First MGRh was coated with different numbers of unlabeled polyelectrolyte multilayers
(PLL/PSS) to investigate the thermoresponsive behavior of the coated system. Usually
thermoresponsive microgels are characterized by the VPTT - at which temperature the
microgel undergoes a transition from a swollen to a collapsed state during heating. So
it was important to know how an increasing number of layers influences the ”normal”
microgel behavior. In the previous qualitative study [105] the same system was investigated
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with a maximum of three layers, exhibiting charge reversal in zeta-potential measurements
and a certain increase in Rh. The new results have a broader basis as Fig. 34a.) shows
the Rh from DLS measurements of a coated microgel with up to twelve layers at two
temperatures (below and above VPTT) as a function of number of layers assembled.
There is an “odd-even” effect of the Rh depending on the nature of the last layer deposited.
Visibly, this effect is more pronounced in the swollen than in the collapsed state. PLL-
terminated microgels exhibit a hysteresis between the heating and cooling cycle.
MGRh in aqueous solution has a pH∼ 4.7, a Rh of 272 nm in the swollen state and collapses
to 122 nm at 50 ◦C, with a VPTT around 38 ◦C. From electrophoretic measurements the
-COOH group of MAA in MGRh is partially deprotonated conferring a negative charge
to the microgel particles. At a pH = 9.2 MGRh is fully deprotonated and swollen.
Fig. 34b.) shows charge reversal at each deposition step showing an odd-even effect similar
to that in Fig. 34a.) but unlike polyelectrolyte assembly on hard and rigid particles, the
magnitude of the charge reversal starts to decrease with increasing number of layers.
Fig. 35 compares the Rh of the uncoated MG
Rh with PLLFITC-terminated MGRh wherein
the number of bilayer of (PLL/PSS) between the fluorescent species is varied from 0 to
2. Again, hysteresis between the heating and cooling curves is observed for PLLFITC-
terminated microgels. The comparable size obtained for coated MGRh with PLL and
PLLFITC reveals that the FITC moiety does not affect the structure of the PLL too
much so wit is assumed that the affinity for adsorption of both polyelectrolytes are fairly
identical.
To confirm that the polyelectrolyte multilayers are not strip off the microgel after VPTT,
2fFCS is performed as a function of the temperature, which is a new aspect compared to
the work before.
So far, dual color cross correlation was used to determine the collective diffusion. Now the
presence of polyelectrolyte multilayers on submicrometer size soft and porous microgels
is further demonstrated through successful detection and calculation of FRET-ACFs and
CCFs.
First the uncoated system MGRh was investigated with 2fFCS as presented in Fig. 35 to
have a reference for all following systems. Afterwards systems with different numbers of
layers were investigated likewise, e.g with one layer of FITC labelled PLL: MGRh/PLLFITC
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Fig. 34: a.) The “odd-even”’ effect of the Rh of the (PLL/PSS)-coated labeled mi-
crogels as a function of number of layers monitored at T = 20 ◦C and 52 ◦C. Arrows
indicate the general trend of increase in size of the microgel during coating of (PLL/PSS)
and (PSS/PLL) bilayer onto PSS- and PLL-terminated microgels, respectively. Assem-
bly was carried out from polyelectrolyte solutions with or without salt, but washed and
redispersed in water. b.) The electrophoretic measurements of the (PLL/PSS)-coated
labeled-microgels as a function of number of layers. N = 0 is the uncoated microgel, an
odd and even number indicates a PLL- and PSS-terminated microgel, respectively. Notice
that heating and cooling cycle is reversible for PSS-terminated microgels and irreversible
(hysteresis) for PLL-terminated microgels.
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Fig. 35: The monitoring of the Rh of PLL
FITC-terminated Rhodamine-labeled-microgels
(MGRh) as a function of temperature for various number of (PLL/PSS) layers between
PLLFITC and MGRh. The uncoated MGRh is shown for comparison. Notice that heating
and cooling cycle is also irreversible for PLLFITC-terminated microgels.
(Fig. 36) or more layers assembled on the microgel like MGRh /(PLL/PSS)1.0/PLL
FITC
(Fig. 37) and MGRh /(PLL/PSS)2.0/PLL
FITC (Fig. 38). It has to be mentioned again,
that the outer shell is always a FITC labelled PLL. The determined Rh of DLS and 2fFCS
are in very good agreement for all investigated samples, but data quality is worse at higher
temperature. This observation will be explained.
The Fo¨rster resonance energy transfer (FRET) technique is ideally suited for this study
as it combines the high sensitivity and spatial resolution of the fluorescence detection with
the ease of introducing a donor and acceptor probes. FRET involves the non-radiative
energy transfer from excited-state donors to ground-state acceptors by dipole-dipole in-
teractions, which strongly depends on the nanometer-scale distance between donors and
acceptors [235].
Two information are available if FRET occurs, first collective diffusion similar to the dual
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Fig. 36: The 2fFCS curves of the uncoated MGRh as detected in the rhodamine channel
at left: T = 25 ◦C and right: T = 40.7 ◦C. Using the particle size effect (PSE) model for
single diffusing species, an Rh of 276 and 174 nm were calculated for the uncoated MG
Rh
in the swollen and collapsed state, respectively. These values are in good agreement with
the Rh obtained by dynamic light scattering (DLS), which were respectively 265 and 168
nm.
color experiment and additionally, a conclusion on the proximity of acceptor and donor
molecule, hence successful LbL assembly. The FRET-ACF amplitude is proportional to
the number of photons generated by FRET, which is directly related to the donor-acceptor
distance. In order to achieve the distance between MGRh and PLLFITC and to keep it
detectable for FRET the system is varied by sandwiching a number of unlabelled bilayers
of (PLL/PSS) between them.
DLS experiments prove that Rh of the microgel-PE complex is changed in the size range
of the Fo¨rster-radius for the Rhodamine/FITC pair (4.9 - 5.5 nm), which is in very good
agreement with Rh from 2fFCS using the enhanced particle size fitting model. At least in
the sample with PLLFITC in the fifth layer a decrease of the amplitude should be observ-
able, assuming a complete covering of the surface with PLLFITC and no penetration into
the underlying layer. Unexpectedly, there is no strong decrease in FRET amplitude, even
if the outer PE layer is so distant that the Fo¨rster-radius is exceeded. As an explana-
tion it is claimed that the surface is not completely covered and that Rhodamine-labelled
dangling ends of the microgel penetrate the PE layer, whereby donor and acceptor get in
closer proximity as expected for discrete layers. Another hint that dangling ends might
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Fig. 37: The 2fFCS curves of the MGRh/PLLFITC as detected in the (I) Rhodamine-
channel, (II) FITC-channel and (III) FRET-channel at T = 25 ◦C (a, b, c) and T =
40.7 ◦C (d, e, f). At T = 25 ◦C, using the dual species particle size effect (PSE) model,
an Rh of 245 and 249 nm were calculated for MG
Rh/PLLFITC from the Rhodamine- and
FITC-channel, respectively, in good agreement with the value obtained from DLS (Rh =
242 nm). At T = 40.7 ◦C, a Rh of 170 and 173 nm were calculated from the Rhodamine-
and FITC-channel, respectively using the dual species PSE, in good agreement with the
value obtained by DLS (Rh = 165 nm).
be the reason for the missing decrease is the degraded data quality observed in 2fFCS
after heating. This is especially the case for samples containing PSS in the outer shell,
which can be related by fluorescence spectroscopy, as shown in Fig. 40 to an increased
fluorescence quench after heating.
This might be a hint of PE-reorientation at the microgel’s surface, if the label from the last
PLL layer comes closer to the PSS layer underneath. Concerning the assembly process
it might be said that a reorientation is only happening in the collapsed state, which was
not known so far. The presented data substantially extend and corroborate previous
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Fig. 38: The 2fFCS curves of the MGRh /(PLL/PSS)1.0/PLL
FITC as detected in the
(I) Rhodamine-channel, (II) FITC-channel and (III) FRET-channel at T = 25 ◦C (a, b,
c) and T = 40.7 ◦C (d, e, f). At T = 25 ◦C, using the dual species particle size effect
(PSE) model, an Rh of 254 and 257 nm were calculated for MG
Rh/(PLL/PSS)1.0/PLL
FITC
from the Rhodamine- and FITC-channel, respectively, in good agreement with the value
obtained from DLS (Rh = 250 nm). At T = 40.7
◦C, a value of 168 and 170 nm were
calculated from the Rhodamine- and FITC-channel, respectively using the dual PSE, in
good agreement with the value obtained by DLS (Rh = 172 nm).
observations. The ability to assemble charged species (polyelectrolytes, nanoparticles or
proteins) on microgels leads the way for exploring their potential use as drug storage,
transport, target and controlled delivery.
In summary, a straightforward experimental evidence showing the successful LbL assem-
bly is provided . The present result is the first direct observation and calculation of the
hydrodynamic radius for multilayer systems from 2fFCS data, and may serve and stimu-
late research in using sub-micrometer size microgels, not as depositing layer as they have
been mostly used in the past, but as templates. In the previous study [105] it was not
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Fig. 39: The 2fFCS curves of the MGRh /(PLL/PSS)2.0/PLL
FITC as detected in the
(I) Rhodamine-channel, (II) FITC-channel and (III) FRET-channel at T = 25 ◦C (a, b,
c) and T = 40.7 ◦C (d, e, f). At T = 25 ◦C, using the dual species particle size effect
(PSE) model, an Rh of 258 and 257 nm were calculated for MG
Rh/(PLL/PSS)2.0/PLL
FITC
from the Rhodamine- and FITC-channel, respectively, in good agreement with the value
obtained from DLS (Rh = 250 nm). At T = 40.7
◦C, a value of 166 and 165 nm were
calculated from the Rhodamine- and FITC-channel, respectively using the dual PSE, in
good agreement with the value obtained by DLS (Rh = 170 nm).
possible to say, if the deposited layers were stripped of or not after the VPTT, because
both layers in contact were labeled. In this study a labeled microgel is covered with more
or less layers but only the outer layer is labeled. Given that polyelectrolyte multilayer
assembly onto (a) uncharged microgel causes feeble increase in the layer thickness or (b)
charged microgels cause significant “odd-even” effect on the size of the coated microgel
depending on the nature of the last layer adsorbed, it is proved that PE-clustering without
incorporation of the microgel is negligible. Based on this data it is demonstrated that
2fFCS provides an adequate technique to determine successful adsorption on the already
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Fig. 40: The fluorescence intensity as a function of temperature for the system
MGRh/(PLL/PSS)n/PLL
FITC , with n = 0, 1 and 2. The same samples are character-
ized in UV-Vis-spectrometer to determine the fluorophore concentration by which the
fluorescence intensity is normalized. Open symbols are the control measurements at 20
◦C measured on cooling.
covered microgel.
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5 Conclusions
5.1 Summary
Hydrodynamic radii (Rh) and diffusion coefficients (D) provide typical criteria for the
characterization of microgels. Well established methods for determination of Rh are
dynamic light scattering (DLS) and nuclear magnetic resonance (NMR) spectroscopy,
whereas stativ ligth scattering (SLS), small angle X-ray scattering (SAXS) and small an-
gle neutron scattering (SANS) provide the radius of gyration Rg. Each of these methods
needs a different kind of contrast necessary for scattering and is usually performed in
bulk solution. Standard Confocal Fluorescence Correlation spectroscopy (FCS) is an ad-
ditional method, where contrast is provided by fluorescent labels of investigated species
and the experiment is performed in very small sample volumes.
Unfortunately, there was no theory so far, to describe the relation between measured
diffusion time and Rh correctly, which is why FCS was not established in colloidal research.
Other disadvantages were synthesis problems of introducing a single fluorescent molecule
into a polymer and the relative character of the method, which made it necessary to refer
to correct diffusion coefficients of standard samples. Moreover, FCS depended strongly
on experimental parameters, which made accuracy and precision of the FCS technique
insufficient compared to common methods like DLS or SANS.
This thesis presents a way to introduce FCS to colloidal and polymer research by improv-
ing the common FCS technique and its theory - extending it to the new powerful method
of Dual Focus Fluorescence Correlation Spectroscopy (2fFCS). All experimental results
are compared to those gained with common ensemble methods like DLS, finding that
2fFCS results are equal or better in precission and accuracy, although only a femtoliter
small sample volume is used.
Several instrumental aspects were found to be important for accurate 2fFCS experiments.
This contribution focussed i) on the setup, application and accuracy of a well sealed, easy
to clean temperature sample cell and ii) on a precise method for measuring the shear
distance, which is a reference value for all following experiments and calculations.
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i) In many studies of biological and colloidal samples employing confocal microscopy
experiments at elevated temperatures, it is common to heat the samples via a heated
objective. This kind of setup was not possible in 2fFCS because mass inertia had to be
small for objective scanning techniques. An ideal case would be to control temperature
of the sample cell as well as of the objective, because then the setup would be in thermal
equilibrium. It was shown that a special design of the sample cell made heating of the
objective dispensable. Longtime stability experiments over 10 h at 25.0 ◦C showed that
temperature fluctuations in the sample cell were smaller than the experimental resolution
of 2fFCS. The new sample cell enabled to measure diffusion coefficients in a broad tem-
perature range with an absolute temperature accuracy of ± 0.1 K. The improved precision
is supposed to provide new opportunities for the investigation of temperature sensitive
polymers and colloids.
ii) The second parameter, which influences the accuracy of 2fFCS experiments, is the
shear distance of the Nomarski DIC prism used in the 2fFCS setup as an external length
scale for the distance between two overlapping foci created by the exitation beam. It was
proved that a combination of DLS and 2fFCS experiments is useful for calibrating DIC
microscopes as well as 2fFCS measurement systems, because it achieved a precission less
than ± 1.5 nm for measured shear distance values around 400 nm. This is important,
because especially for 2fFCS a relative error of the shear distance value lead to a doubled
relative error in the determined value of a diffusion coefficient. Thus, knowing a DIC’s
shear distance as precisely as possible was paramount for obtaining precise absolute values
of diffusion coefficients.
The above mentioned 2fFCS setup improvements proved to be usable in everyday research
by applying them to chemical investigations on colloidal or polymer systems, which were
split up in four major contributions. The exact determination of diffusion coefficients
was important for a) an enhancement of the existing theory taking into account particle
size effects, which are not negligible in FCS and 2fFCS experiments, b) diffusion based
measurements on different fluorescence dyes thus determining the lab-on-a-chip stability
of 2fFCS, diffusion coefficients and hydrodynamic radii of standard fluorescence dyes,
c) investigations on molecular crowding environments, pointing out the independence of
2fFCS against refractive index mismatch whereas d) is an example for an application
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where all gained results are used to describe multilayer sytems made up from labelled
polyelectrolytes and microgels by the layer-by-layer technique.
a) In a first step it was necessary to invent an extended theoretical model, which took into
account size and labelling effects in 2fFCS data analysis, because impact of non-negligible
particle size with different fluorescent labelling could not be neglected in FCS and 2fFCS
measurements. Various labelling distributions and their influence on correlation func-
tions were modelled and discussed. Performed DLS and 2fFCS measurements on large
uniformly labelled latex beads of different size gave excellent agreement between DLS and
2fFCS measurements when the extended model was applied to 2fFCS data analysis. The
experimentally determined values for the hydrodynamic radius as calculated with the ex-
tended model were in perfect agreement with the specifications of the bead manufacturer
as well as with the results from the DLS measurements. The proposed models for differ-
ent labelling geometries allow utilization of 2fFCS (and also standard FCS) as a powerful
complementary method to investigate hydrodynamic radii of extended diffusing objects
at very low concentrations in colloid and polymer science, e.g. Ref. [98–105]. Nevertheless,
it was still necessary to find out, which kind of remote temperature measurement would
be an appropriate mean to resolve the temperature dependency of diffusion coefficents
and hydrodynamic radii on a femto-liter scale.
b) Therefore, three different methods for remote temperature measurements in microflu-
idic chips with submicrometer spatial resolution: fluorescence lifetime based, dye diffusion
based, and microgel particle based methods were compared. The important point for
diffusion based measurements is the independence of 2fFCS on aberration effects as intro-
duced by the temperature dependent refractive index mismatch between sample solution
and objective’s immersion medium. The comparison of the different methods showed that
diffusion measurements on PNIPAMRh labelled microgel particles achieved the highest ac-
curacy in temperature determination, but only within the narrow temperature range of
the VPTT. However, this might be of high interest for special biological applications,
where one is interested in maximum accuracy but only within a narrow temperature
range. In contrast the lowest accuracy was achieved when using the temperature de-
pendence of Rhodamine B’s fluorescence lifetime. 2fFCS measurements of dye diffusion
showed a rather uniform accuracy of temperature determination of ca. 1-2 K and offered
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the greatest versatility, being independent of any specific dye or material properties. With
this information available, it was possible to determine precise and absolute diffusion co-
efficients and hydrodynamic radii for three dyes excitable between 470 nm and 640 nm, a
common spectral region for FCS experiments. Preciseness of the improved 2fFCS exper-
iments was confirmed when the structural variation in the side chain of the fluorescent
dye Atto655 imid to Atto655 carboxylic acid was resolved, which was not possible so far
with common FCS methods. The obtained values may serve as diffusion standards for
calibrating diffusion measurements using fluorescent markers across the visible spectrum.
c) Another influencing factor, which cannot be neglected in liquid samples, is the mis-
match between the refractive index of the measured sample and the refractive index of
the immersion liquid. To overcome this problem, a simulation of the molecule detection
function was presented, which was used to demonstrate the influence of a variety of ex-
perimental parameters on measured refractive indices. These parameters were of physical
nature (like focus position, wavelength and confocal aperture size), derived from an op-
tical origin (like objective magnification, excitation beam diameter and focal distance of
tube lens) or even the systematic deviation of apparent diffusion times in single focus
FCS experiments. 2fFCS proved to be capable of resolving samples with refractive index
mismatch without further calibration steps, which was shown by studying a literature
known 70 kDa dextrane/dextrane system as an example for direct diffusion of dextranes
in crowding environments. For diluted samples 2fFCS and DLS showed equal results,
but as a matter of fact, 2fFCS was capable to measure seven orders of magnitude lower
concentrations. The comparison of the diffusion coefficient obtained by 2fFCS versus ex-
perimental values from viscosity measurements, showed a linear dependency with a slope
near -1 for the 2fFCS data. This was expected from Stokes-Einstein equation for samples
with non-anomalous diffusion behavior.
d) So far, five major contributions for wrong values of measured diffusion coefficients are
excluded by the already mentioned improvements. Based on this knowledge it was possi-
ble to investigate multilayer sytems with dual color cross correlation Pulsed Interleaved
Exitation (PIE)-FCS. The method provided direct and unambiguous proof that polyelec-
trolyte molecules (PEM) could be achieved on soft and porous templates, as provided by
a thermoresponsive PNiPAM microgel. It was possible to discriminate between specific
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association of the fluorescent signals with the microgel and labeled polyelectrolytes not
related to the microgel below the µm scale.
5.2 Outlook
It has been demonstrated that the above named improvements of the setup make 2fFCS a
sophisticated method to investigate either small single molecules, like fluorescent dyes, or
complex systems like polyelectrolyte-microgel complexes. The presented theory enables
everyone to evaluate colloidal and polymer systems in a correct way. Nevertheless, a few
ideas for further improvements and investigations are presented in the following.
5.2.1 Influence of Experimental Parameters
5.2.1.1 Collar Ring
The collar ring is used to compensate variations in cover glass thickness, which may have
a direct influence on the shear distance. For a dual colour experiment it is quite easy
to see, if the expected value for the shear distance is wrong, because there would only
be partial overlap of foci. In the case of single colour experiments a misaligned shear
distances could not be seen. Therefore it is necessary to know how the collar-ring setting
influences the distance of the foci. In a dual colour experiment, the shear distance has to
be measured depending on the collar-ring position.
5.2.1.2 Teleobjective for Beam-Coupling at the MOU
The 2fFCS setup uses an epi-fluorescence microscope, which means a parallel laser beam is
lead through the objective from beneath. The more this beam is widened the sharper is the
focussing, which means the diameter of the confocal volume comes closer to the diffraction
limit of λ/2 and quantum mechanic effects are not negligible anymore. Therefore, a larger
confocal volume is prefereed for exact measurements. Until now, a ten times magnification
microscope objective is used to decouple the laser beam from the fibre between Fibre
118 5. Conclusions
Coupling Unit (FCU) and Main Optical Unit (MOU), creating a beam with a steady
diameter of 11 mm. Usage of a telephoto with variable focal width would create the
possibility of a beam with variable diameter. Hence, it would be possible to investigate
the influence of beam width on the measurement and the experiemental setup could be
optimized.
5.2.1.3 Laser Intensity and Photophysical Effects
It is known that photophysical effects like photo bleaching take place at a certain laser
intensity. In a confocal volume that should be variable in size, laser intensity is bundled
which might lead to different energy densities in the volume. The context of energy density
in the confocal volume and photophysical effects has to be investigated quantitatively.
Therefore, the exitation energy of the pulsed laser has to be set as variable as possible
and it has to be pointed out, how pulse frequency, e.g. with the same average excitation
energy, might influence photophysical effects. Because many weak pulses or a few strong
pulses might be coupled in, the same average intensity might be generated. Still it is
expected that the local energy density, depending on pulse frequency and strength, might
have a different influence on photophysics. To make sure that 2fFCS samples stay stable
and are not destroyed as well as yielding a maximum of fluorescence, the optimal exposure
to radiation has to be found.
5.2.2 Theoretical suggestions
5.2.2.1 Theory on Polydisperse Samples
Known theories on FCS and 2fFCS usually deal with diffusion of discrete species. Hence,
fitting of FCS plots is not possible if more than two species are involved in the experiment
because the shape of FCS plots is too unspecific. A similar situation is found in DLS where
in the ideal case a monodisperse sample is on hand, which is described with common
theories. As for polymer analytics it is often the case that investigated samples are
polydisperse, thus making it rather hard to fit theory for monodisperse species on results
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measured on polydisperse samples. For DLS this problem is solved if the Contin-Method
by Provencher [236,237] is applied, which divides the correlation function in several parts.
Thus, it gets possible to separate and analyze a polydisperse sample after molecular mass
fractions. A similar comparable theoretical approach would facilitate the analysis of 2fFCS
experiments on polydisperse sytems and would enhance the range of systems, which could
be investigated with 2fFCS.
5.2.3 New Applications and Systems
5.2.3.1 Micro-rheology
Investigating local viscosities with 2fFCS might be an interesting point for biological appli-
cations and Lab-on-a-Chip devices. Tracer experiments carried out with 2fFCS might be
a way to investigate local viscosities in a very small volume precisely. A direct comparison
of microscopic and macroscopic viscosity might deduce new information about polymer-
solvent interactions, which can not be seen in bulk solutions due to polymer-polymer
interactions.
5.2.3.2 Investigations on Smart Polymer Networks
Investigations on heterogenous switchable polymer networks gain more an more attention
in recent research. The trigger for switching might be of pH, temperature or magnetic kind
and could be induced in a hydrogel matrix. Assuming a statistically distributed microgel
in a hydrogel matrix, a switchable network is achieved whereby “switchable”’ refers to
the mesh size of the surrounding matrix. In the case of a microgel, special attention has
to be paid to preparation conditions, because it might make a difference if microgels are
added in the swollen or collapsed state. In the first case the network might be pressed
together whilst in the latter case it might be torn apart. As 2fFCS has no limitations
from turbidity or birefringence it is superior to common FCS and can therefore be used
for tracer experiments investigating the surrounding hydrogel matrix as a function of
microgel’s core distance. This might give a hint how the whole network changes if tension
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and pressure are changed on a defined local position. Gained information could be used
for creating a tunable artifical diaphragm with regulating properties regarding kind of
permeating substances and flow rate.
5.2.3.3 Investigations on Microgel Structure
As the chemical structure of microgels is not fully understood yet, it is of common in-
terest to investigated the microgel surface in the collapsed and swollen state. 2fFCS in
combination with FRET experiments could be used to enlighten the structure. Therefore,
a core-shell microgel with labelled core and unlabelled shell should be investigated. If the
shell is blocked with a labelled polyelectrolyte (PE), whose label makes up a FRET-pair
with the core-label, a quantitative FRET analysis should result in the penetration depth
of the PE into the microgel. It might be assumed that the penetration depth of PE is in
direct context to its molecular weight. Size determination of the PE would lead to mesh
size determination on the microgel surface. It is of special interest to investigate temper-
ature and pH dependency of the microgel surface properties because these are supposed
to change dramatically.
5.2.3.4 Charge Density Distribution
Charge density distribution inside a microgel is nearly as interesting as its surface proper-
ties. For investigations a microgel with Rh > 500 nm allows application of the presented
particle size models, which allow locating a fluorescent label in the microgel. The sup-
posed system is recommended to be an unlabelled charged microgel in combination with
a charged dye molecule. By using different sizes of dyes in a multicolor experiment, ac-
cessibility of charge inside the microgel could be quantified. This would enable a better
understanding of microgel structure.
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